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Sulfur species in the char/ash residue and the product gases were measured
during rapid pyrolysis of black liquor solids. The experiments were carried out in a
laminar entrained-flow reactor (LEFR) in which particle heating rates in excess of 10,000
°C/s were obtained. The experimental conditionswere 700 - 1100 °C and 0.3 - 1.7 s
residence time, in a nitrogen atmosphere.
The solid residue produced was collected in a nominal 3 pm cutoff
cyclone. The water-soluble species were analyzed for hydrosulfide, sulfate, sulfite, and
thiosulfate ions with a CES. The product gases were analyzed for COS, CS2, SO2, and
organosulfur compounds with a FT-IR. H2S was analyzed by adsorption in a cadmium
acetate solution and titration.
Thiosulfate decomposed rapidly and completely at a reactor temperature of
900 °C and above within the shortest residence time (0.3 s) that can be achieved with this
LEFR setting. Sulfite was present at short residence times and then decomposed after
that. Sulfate was not reduced at 700 °C and an induction period was observed for the
reduction at 900 and 1000 °C. No sulfide was detected at 700 °C while it formed rapidly
after an induction period at 900 and 1000 °C. Sulfur is apparently converted from
gaseous species to sulfide.
Redacted for PrivacyIn gaseous sulfur products, large amounts of mercaptans and H2S were 
formed rapidly. Much smaller amounts of CS2, COS, and SO2 were also detected. All of 
those species were formed at short residence times and then disappeared afterward. 
It was proposed that the mechanism of sulfur species transformations in 
black liquor involves rapid decomposition of thiosulfate to mostly elemental sulfur. The 
elemental sulfur produced then reacts with hydrocarbons to produce organic sulfur 
compounds, mostly mercaptans. A number of subsequent reactions produce H2, H2S, 
(CH3)SH, (CH3)2S, CS2, and other R-CH2SxH. 
For the sulfate reduction mechanism, it is likely that sulfate exchanges 
oxygen atoms with fully reduced catalytic sites and forms sulfite as an intermediate. The 
sulfite produced is further reduced to sulfide. The rate of sulfate reduction obtained was 
similar to the rate calculated using a sulfate reduction model developed by Cameron and 
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 1. INTRODUCTION 
The kraft pulping recovery process is the most important chemical 
recovery process world-wide. It is a closed cycle process that destroys waste and recycles 
pulping chemicals as well as generates steam and power for the pulpingprocess itself 
Spent pulping liquor (weak black liquor) is transformed into re-generated pulping liquor 
(white liquor), steam and power, clean condensate from the evaporation process and clean 
fuel gases'. 
There are more than seven hundred recovery boilers in operation world­
wide and production of black liquor is more than two hundred million tons per year 
(Figure 1.1), making black liquor the sixth most important fuel in the world'. Most of the 
recovery boilers are based on the conventional Tomlinson design which has been in used 
for more than sixty years (Figure 1.3). 
The pulping and kraft recovery cycle is a series of processes as shown in 
Figure 1.2. In kraft pulping, wood chips are mixed with active pulping liquor called white 
liquor which consists mainly of Na2S and NaOH. After pulping is completed, pulp (wood 
fiber) is separated from the dissolved wood components and the spent cooking chemicals 
by washing. This produces a black liquid which contains dissolved wood and spent 
chemicals and is called weak black liquor (14-17% solid content). The weak black liquor 
is then passed through multi-effect evaporators in which it is concentrated to about 65­
80% solid content called strong black liquor. The liquor is now ready for spraying into 2 
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Figure 1.1 Fuel production world-wide per year' 
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Figure 1.2 Simplified schematic diagram of pulping and kraft recovery process 
the recovery boiler where it is burned and pulping chemicals are recovered as a molten 
smelt from the bottom of the furnace. Molten smelt is removed from the furnace and 
dissolved to form green liquor which is then treated with lime and causticized to again 
form white liquor. 
Carbon, oxygen, hydrogen, sodium and sulfur (Figure 1.4) are the major 
components of the black liquor solids. Burning produces carbon dioxide and water in 3 
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Figure 1.3 Recovery Boiler based on conventional Tomlinson design 
flue gas and sodium carbonate and sodium sulfide in the smelt'. Sodium carbonate is 
converted to sodium hydroxide in causticizing process by the reaction with lime, calcium 
oxide. There are a lot of other chemicals present in the recovery process in lesser 
concentrations. Volatile carbon gaseous species and total reduced sulfur (TRS) are 
among those minor species. These smelly volatiles are removed from the condensate by 4 
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Figure 1.4 Major components of black liquor solids 
stripping and destroyed by burning 
The principal equipment of the recovery process is the recovery boiler. 
Even though this type of recovery boiler has been used in operation for more than fifty 
years, the chemical processes involved are not well understood, and some serious 
problems need to be solved. One of these problem is sulfur release, mostly in the form of 
total reduced sulfur (TRS) which results in an odor problem. Also, these TRS gases can 
further react with oxygen to form sulfur dioxide which contributes to formation and 
hardening of deposits in heat transfer sections and corrosion of the boiler. 
New improvements in design and control of recovery boilers need to be 
implemented to solve these problems. To be able to accomplish this, questions such  as 
the distribution of sulfur during the devolatilization stage of the black liquor droplets in 
the furnace need to be understood, and sulfur reduction and species transformation, their 
behavior and the parameters that affect them need to be studied. Though a number of 
studies of sulfur processes during black liquor pyrolysis and combustion have been 
reported, the available data up until now is still of limited value with respect to the 
fundamental burning characteristics. This is due mainly to the limitations of equipment 
and experimental techniques used in these studies. Most of the research done so far has 5 
been based on batch experiments in which the temperatures achieved are not similar to 
those in a recovery boiler. To resolve these problems, a laminar entrained-flow reactor 
was used in this thesis to ensure that the data would be under pyrolysis conditions closer 
to those in an actual recovery boiler. 6 
2. THESIS OBJECTIVES 
While several studies have reported data on sulfur release during pyrolysis 
of black liquor, there is very little kinetic data available. There are only a few available 
data on gaseous sulfur species release and the sulfur species retained in the residue as a 
function of residence time and temperature. Also some of the previous results are not 
consistent with each other. These inconsistencies may have resulted from limitations in 
experimental techniques and equipment used to determine the amount of sulfur species 
left in char residue and those volatilized to gaseous phase. Also the earlier studies were 
not conducted to simulate the conditions that actually occur in a recovery boiler. 
Specifically, the objectives of this thesis were : 
1.	  To established the experimental procedure to determine the amount of 
sulfur species in the char residue and in the gas phase during pyrolysis 
condition using a laminar entrained-flow reactor. 
2.	  To elucidate the mechanism of sulfur species transitions to sulfide 
during black liquor pyrolysis. 
3. To determine the effect of temperature and residence time on sulfate 
reduction under pyrolysis conditions. 
4. To define the conditions required for a high degree of conversion of 
sulfur species to sulfide during black liquor burning. 7 
3. LITERATURE REVIEW 
3.1 CHARACTERISTICS AND COMPOSITION OF BLACK LIQUOR SOLIDS 
Kraft black liquor is a by-product of the 'craft pulping process where a 
solution of sodium hydroxide and sodium sulfide is used to dissolve wood components. It 
is a dark brown, viscous solution with a strong sulfide smell. An elemental analysis of the 
solids from a typical black liquor from pulping of southern pine is shown in Table 3.1. 
Table 3.1 Elemental analysis of a typical southern pine black liquor 
Components  C  Cl  H  N  K  Na  S 0 
%by wt.  34.8  0.67  3.0  0.08  0.62  22.6  2.9  35' 
The sulfur in black liquor is present mainly in the form of inorganic sulfur 
while the rest is organic sulfur. There are many forms of inorganic sulfur in black liquor 
such as sodium sulfide (Na2S), sodium thiosulfate (Na2S2O3), sodium sulfate (Na2SO4), 
sodium sulfite (Na2SO3), and polysulfide (Na2Sx). The content of each species depend on 
the type of wood and pulping and recovery processes used. Sodium sulfide, for example, 
is not found in oxidized liquors, and the thiosulfate content of oxidized liquor is higher 
than that of unoxidized liquors. These four inorganic sulfur species constitute eighty to 
ninety percent of the total sulfur in black liquor'''. An analysis of the sulfur species for 
' By difference 8 
the southern pine black liquor solids that were used throughout the work reported in this 
thesis is shown in Table 3.2. The amount of organic sulfur is usually estimated as the 
difference between the sum of the four inorganic species and the total sulfur content. 
Table 3.2 Analysis of sulfur species from southern pine black liquor 
Sulfur species  % of sulfur in black liquor solids 
Sodium thiosulfate (Na2S2O3)  55.60 
sodium sulfide (Na2S)  0.00 
sodium sulfate (Na2SO4)  18.20 
Sodium sulfite (Na2SO3)  0.00 
Organic sulfur"  26.20 
3.2 BLACK LIQUOR DROPLET COMBUSTION 
The combustion of black liquor droplets in a recovery boiler can be 
divided into four stages similar to those in the combustion of other solid and liquid fuels. 
These four stages - drying, devolatilization, char burning, and smelt reactions - are shown 
in Figure 3.1. In the first stage, water remaining in the droplet is evaporated. The drop 
swells and its surface ruptures as a result of boiling. Most of the water in the droplet must 
be evaporated before the other stages can begin'. The second stage of burning, called 
devolatilization, is the process by which the organic material in the fuel drop is degraded 
" Calculated from the difference between total sulfur and inorganic sulfur 9 
irreversibly by the action of heat into volatile compounds. During this stage, the liquor 
drop swells to many times its original volume as gaseous products are produced. These 
volatiles, which consist of CO, CO2, H2O, light hydrocarbons, tars, H2S and TRS 
compounds, are burned when contacted with 02. The part of black liquor remaining at the 
end of devolatilization is known as char. It consists of residual organic carbon along with 
inorganics (mostly in form of sodium salts) from the pulping chemicals. If the above 
process takes place in an inert atmosphere, it may also be called pyrolysis; however the 
term pyrolysis encompasses devolatilization in an inert atmosphere plus extended heating 
of the condensed phase residue beyond the end of devolatilization. Since the pyrolysis 
process is the topic of interest in this thesis, it will be discussed in more detail in the next 
section. In the third stage of combustion, carbon is oxidized to form CO and CO2. Much 
of this oxidation occurs in the char bed where the inorganics are melted and the remaining 
sodium sulfate is reduced to sodium sulfide. During the final stage, called smelt 
reactions, the reduced sulfur from char burning stage may be oxidized and release heat. 
3.3 THE CHEMISTRY OF SULFUR DURING PYROLYSIS OF BLACK LIQUOR 
The characteristics and chemistry of sulfur reactions during pyrolysis and 
combustion of black liquor have been studied by many researchers. The studies reported 
so far can be divided into two groups : 
1.  slow pyrolysis measurements (heating rates of the order of 0.1 - 1 °C/s) 
2.  rapid pyrolysis measurements (heating rates of the order of 100 °C/s) 10 
Slow pyrolysis or low heating rate measurements have been used in the 
studies by Bhattacharya et al.', Kubes8, Li and van Heiningen9, etc., while Forssen et al.", 
Gairns et al.11, Harper", Hupa et al."", and Verrill et al.", etc. reported the results from 
the rapid pyrolysis measurements. 
3.3.1 Sulfur Volatilization During Pyrolysis of Black Liquor 
Miller" reported that, after drying, black liquor began to form bubbles  at a 
temperature of about 240 °C which indicated the beginning of pyrolysis. Frederick" and 
Hupa et al.14 also reported that devolatilization begins when black liquor is heated above 
200 °C. Li" studied pyrolysis of black liquor using a gas chromatograph to analyze 
products, and showed that sulfur release begins at 200 °C. Forssen et al.1° conducted 
sulfur release experiments during pyrolysis of black liquor droplets at temperatures 
between 350 °C and 1050 °C with droplets sizes between 10 mg and 70 mg. They 
reported that sulfur release did not occur during drying but begins when pyrolysis begins. 
In their work, the rate of release (as % of total release per second) depended on the 
furnace temperature and was not much affected by initial droplet mass. They proposed 
that in the most regions of a recovery boiler, the rate of sulfur release will be controlled 
by the rate of heat transfer to the droplet. Strohbeen" and Harper12 concluded that Na2S, 
Na2S2O3 and organically bound sulfur are the major contributors to sulfur release during 
pyrolysis of black liquor. 11 
At temperatures below 600 °C, sulfur is thermodynamically favored to be 
in the gas phase while it is favored to be in the condensed phase at higher temperatures". 
Thus during combustion, sulfur release and recapture mechanisms, will compete with the 
recapture mechanism dominating at temperatures above 700 °C and the release 
mechanism dominating at lower temperatures (below 500 °C). The relative importance of 
the release and recapture mechanisms can be seen in the results from Brink et al.', Clay et 
Forssen et al."), and Harper12. Brink's data are for droplets sprayed into a hot gas 
environment while Clay's and Forssen's data are for single droplets suspended in a hot 
radiant environment. In all three single droplet studies, the sulfur release increased with 
increasing temperature at low temperatures, went through a maximum near 600 °C, and 
decreased as temperature was increased further. Harper's data12 from flash pyrolysis of 
soda liquors to which Na2S or Na2S2O3 had been added follow a similar trend, with a 
maximum in total sulfur release between 400 and 500 °C. Strohbeen19 predicted sulfur 
volatilization using thermodynamic calculations and concluded that the devolatilization of 
sulfur was kinetically controlled below 750 °C, but at temperatures above 1000 °C, 
equilibrium is approached for reaction (3.1). 
Na2S +H20 + CO2 p Na2CO3 + H2S  (3.1) 
Li and van Heiningen9 suggested that the organic sulfur gases released 
during pyrolysis of black liquor come from the decomposition of thiolignin. They 
reported that the amounts of CH3SH, (CH3)2S, (CH3)2S, and H2S released increase with 
increasing temperature. In their slow pyrolysis experiments, sulfur release was complete 
by 460 °C, well below the temperature at which the maximum sulfur release was obtained 12 
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Figure 3.1 Stages of black liquor droplet combustion 13 
in the single droplet experiments discussed earlier. From the slow pyrolysis 
measurements conducted by Bhattacharya et al.', H2S was reported to be a major sulfur 
gas released at temperatures between 570 °C to 740 °C. Feuerstein et al.' reported that 
60-80% of the sulfur in black liquor was volatilized during their slow batch pyrolysis 
experiments while Brink et 0.21 reported slightly lower values for sulfur loss. Li and van 
Heiningen24 reported that 22% of the total sulfur was released from oxidized liquor solids 
in slow heating rate (20 °C/min) experiments, and that all of the sulfur was released 
before the char residue reached 460 °C.  Gairns et al." noted that H2S can react with CH4 
to form CS2 by reaction (3.2). 
2H2S + CH4 = CS2 +4H2  (3.2) 
Two other well known reactions for the production of CS2 were reported 
by Sharpe' as follow ; 
675 °C 
CH4 ± 2S2  CS2  2H2S  (3.3) 
over alumina 
900 °C 
C ± S2 =  CS2  (3.4) 
3.3.2 Reactions of Sodium Sulfide 
The following is a review of chemical reactions involved sulfur species 
that would contribute to release and transformation of sulfur species during black liquor 
pyrolysis. 
A significant amount of sodium sulfide is observed during pyrolysis of 
black liquor. It could be a source of H2S emission from the following reactions  : 14 
Na2S + H2O + CO2 to Na2CO3 + H2S  (3.1) 
Na2S + 2NaOH +2CO2 rz. 2Na2CO3 + H2S  (3.5) 
Na2S + 2H20 a 2NaOH + H2S  (3.6) 
Na2S +H20 + C q Nat +CO + H2S  (3.7) 
Reaction (3.1) which has been reported by Kubelka and Hojnos26 is 
commonly understood to be the most significant source of H2S emission from Na2S while 
reactions (3.5), (3.6), and (3.7) which have been reported by Kubelka and Votoupal27  are 
considered to be minor sources of gaseous sulfur compounds. Kubelka and Votoupal 
stated that CO2 is likely to react with NaOH in liquor to form Na2CO3 rather than reacting 
with Na2S in reaction (3.5). For a typical furnace temperature of 1100 °C, reaction (3.6) 
and (3.7) are not likely to be important since both reactions have equilibrium constants 
that are unfavorable for the formation of H2S2S. Strohbeen19 reported some other 
reactions involving Na2S as follow : 
Na2S +2CO2  Na2CO3 +COS  (3.8) 
Na2S +2HCO,H = Na2CO3 + H2S +CH20  (3.9) 
Both reactions are thermodynamically favorable and can be other sources of sulfur 
gaseous species. 
3.3.3 Reactions of Sodium Thiosulfate 
There are many reactions involving sodium thiosulfate in the release of 
sulfur during the gasification process. The results from pyrolysis experiments of sodium 
gluconate and vanillic acid conducted by Strohbeen19 indicate the following reactions  : 15 
Na2S2O3 ± CO2 = Na2CO3 + SO2 + S  (3.10) 
Na2S2O3 +3C0  Na2S+S+3CO2  (3.11) 
4Na2S2O3 = 3Na2SO4 +Na2S5  (3.12) 
Reactions (3.10) and (3.11) are reported to proceed at low temperature but 
reaction (3.10) was not earlier thought to be significant since only small amounts of SO2 
have been detected. Kubelka et al.27 reported that sodium thiosulfate starts to decompose 
at 225 °C by reaction (3.12) and finishes by 450 °C. The polysulfide, Na2S5, is then 
simultaneously decomposed to form Na2S and elemental sulfur by reaction (3.13). Both 
the Na2S and the elemental sulfur produced can further react with H2O to form H2S by 
reactions (3.1) and (3.14) respectively. 
Na2S5 = Na2S +4S  (3.13) 
S + H20 +CO  CO2 + H2S  (3.14) 
Li and van Heiningen24 proposed that sodium thiosulfate could be a source 
of H2S emissions by the decomposition reaction (3.15) to sodium sulfite and elemental 
sulfur, then followed by reaction (3.14). They suggested that H2S would not be produced 
via sulfate reduction since they found that H2S started to be emitted at 320 °C which is too 
low (<600 °C) for sulfate to be reduced to sulfide, and also since sulfide was not present 
in the black liquor used in their experiments. This conclusion did not agree with the 
results from Strohbeen and Grace's experiments in which no sodium sulfite present in the 
residue after heating sodium thiosulfate together with organic material'. Strohbeen and 
Grace also observed that very small amounts of sodium sulfate during these slow 16 
pyrolysis experiments. Their results may be explained by the reduction of sulfate to 
reduced sulfur forms at long pyrolysis times. 
Na2S203 = S+Na2S03  (3.15) 
For a pyrolysis at high temperatures and high heating rates, sodium 
thiosulfate can react rapidly with molten sodium carbonate to form sodium sulfide and 
sodium sulfate by reaction (3.16)3°. 
Na2S2O3 +Na2CO3  Na2S +Na2SO4 +CO2  (3.16) 
3.3.4 Reactions of Sodium Sulfate 
Sodium sulfate is generally considered to be stable and contribute only 
little to sulfur release during pyrolysis of black liquor. It can be formed by reaction (3.12) 
at temperature higher than 225 °C. A significant amount of sodium sulfate formation was 
reported to occur at moderate heating rate22. Reactions involving sodium sulfate in sulfur 
release have been reported by Kubelka and Voutopal 27 as follows : 
Na2SO4 +CO  Na2CO3 +S02  (3.17) 
3Na2SO4 +CO2 +Na2S = 4Na.2CO3 +4S02  (3.18) 
The studies by Feuerstein et al.23 and Jones' both indicated no sulfur 
dioxide production in their experiments which suggested that these reactions would not be 
important for total sulfur release from pyrolysis of black liquor. 
Sodium carbonate has been suggested as having a catalytic effect on 
sulfate reduction. The catalyzed reduction involves a series of reactions in which the 
catalyst is continuously reduced by carbon, and then forms active sites,-CO2Na 17 
(carboxylic structure), -CONa (phenolic structure), and -CNa, by reactions (3.19) ­
(3.22)32. 
Na2CO3  (CO,Na)+ (CONa)  (3.19) 
(CO2Na)+ C  (CNa)+ CO2  (3.20) 
(CO2Na)+ C = (CONa)+ CO  (3.21) 
(CONa)+ C  (CNa)+ CO  (3.22) 
Cameron and Grace" found from their study of sulfate reduction with kraft 
black liquor char that reduction was much faster when sodium carbonatewas present in 
the melt. Li' also stated that in black liquor char, sodium carbonate can be reduced by 
carbon whereby active sites, -CNa and -CONa, are formed by reaction (3.19) - (3.22), and 
that sodium sulfate then reacts with these active sites to form sodium sulfite by reactions 
(3.23), and (3.24). They hypothesized that sodium sulfite is reactive and is rapidly 
reduced by carbon and CO to sodium sulfide by reactions (3.28), and (3.29). 
Na2SO4 + CONa  Na2SO3 +CO2 +Nam  (3.23) 
Na2SO4 + CNa = Na2SO3 +CO +Nam  (3.24) 
3.3.5 Reactions of Sodium Sulfite 
Kubelka and Votopal27 reported the decomposition of sodium sulfite by 
reaction (3.25) at low temperatures (150 °C). At higher temperature (550 °C), Strohbeen 
and Grace's experiment' on pyrolysis of sulfite with organic compounds indicated that 
the sulfur in the residue was still found to be in the sulfite form. Dearnaley et al. also 
reported that this reaction could take place only at high temperature (> 900 °C). 18 
4Na2SO3 = Na2S + 3Na2SO4  (3.25) 
Other reactions involving sodium sulfite that could result in sulfur release 
were reported by Kubelka and Votoupa127 as follow : 
Na2S03 + H2O = 2NaOH + SO2  (3.26) 
Na2S03 + CO, = Na2CO3 + SO2  (3.27) 
Li and van Heiningen24 reported that there was no significant amount of 
SO2 formed during pyrolysis of black liquor. The equilibrium constants of both reactions 
are thermodynamically favorable for these reactions to proceed only at high temperatures 
(>1000 °C)27. Also sodium sulfite is not stable at that typically high recovery furnace 
temperature'. Hence, neither reaction should contribute to sulfur release during pyrolysis 
of black liquor. 
Li34 showed that sodium sulfite produced from reactions (3.23), and (3.24) 
is rapidly reduced to sodium sulfide by the reactions  : 
Na2SO3 +3C = Na2S +3C0  (3.28) 
Na2S03 + 3C0  Na,S +3CO2  (3.29) 
3.3.6 Reaction of Organic Sulfur 
Under the high temperature and the high heating rates ofrecovery furnace, 
organic sulfur is assumed to be highly volatile and form H2S by reaction (3.30)37. 
Organic S  H2S  (3.30) 
Other reactions also may occur, forming mercaptans, sulfides, and 
disulfides as primary pyrolysis products24'21  ,  especially at lower temperatures and/or 19 
heating rates. These organosulfur compounds can decompose in secondary pyrolysis 
reactions, yielding H2S. 
3.4 REDUCTION OF SULFATE 
Grace et al.38 have proposed the sulfate-sulfide cycle to describe the 
process for black liquor char burning and sulfur reduction as shown in Figure 3.2. This 
process consists of the following two main steps : 
1.	  The reaction of oxygen with sulfide to form sulfate. 
2.	  Carbon oxidation by sulfate to form sulfide, CO and CO2 by reaction (3.31), and 
(3.32). 
Na2SO4 +4C --> Na2S + 4C0  (3.31) 
Na2SO4 +2C  Na2S +2CO2  (3.32) 
The reduction efficiency in the furnace is determined by the steady state 
operating point in this cycle6.  The reduction efficiency depends on which step is rate 
limiting. If step 1 is the rate limiting step then high reduction efficiency can be achieved, 
while low reduction efficiency can be expected if step 2 is the rate determining step. The 
data obtained by Grace et. al.3° in which the rate of sulfide oxidation with air in Na2S­
Na2CO3 melts was measured indicate that sulfide oxidation occurred rapidly and that the 
rate did not depend on the temperature and was limited only by the rate of oxygen supply 
over almost the entire range of sulfide concentration. Since sulfide oxidation is limited by 
mass transfer, high levels of sulfate reduction can be achieved even when elemental 20 
Na2S 
02'0  C --0O2/CO 
Na2SO4 
Figure 3.2 The sulfate-sulfide cycle 
oxygen is present in the bulk gas at temperatures high enough so that reactions (3.31), and 
(3.32) proceed faster than oxygen transport. 
Cameron and Grace' measured the rate of sulfate reduction in the presence 
of carbon. The following equation describes their sulfate reduction rate data. 
d[SO4  [SO4 1 = Ks0  j  [C]. e(E`IRT)  (3.33)
dt  B +[SO4] 
where : 
Ks04  = pre-exponential factor for sulfate reduction, s
- 1 
B  = an empirical constant, kmol/m3 
[SO4] = sulfate content of the melt, kmol/m3 
[C]  = carbon content of the melt, kmol/m
3 
Ea  = activation energy, kJ/kmol
 
R  = ideal gas constant, 8.31 kElcmolK
 
T  = temperature, K
 
The rate constants and empirical values for this equation are shown in Table 3.3. 21 
Table 3.3 Rate constants and empirical values for equation 3.33 
Char Type  K  (s- ')  B (kmol/m3)  Ea (kJ/mole) 
Kraft  1.31±0.41x103  0.022±0.008  122 
Pulverized graphite in  4.94±0.82 x104  0.026±0.005  184 
Na2CO3/Na2SO4 melt 
Soda Char in Na2SO4  3.04±0.73x10'  0.041±0.012  167 
Sjoberg and Cameron' also measured the sulfate reduction rate by CO. 
They found that the reduction rate is proportional to the CO partial pressure and 
independent on the sulfate concentration except at very low sulfate concentration. The 
overall sulfate reduction rate at temperatures between 760 °C and 844 °C have been 
studied by Cameron and Grace'. They reported that the reduction rate is linearly 
proportional to carbon content and roughly effected by sulfate content. At lower 
temperatures (680 - 780 °C), Li and van Heiningen42 reported a second order nuclei 
growth controlled model for the conversion of sulfate in black liquor char. They 
indicated that the reduction rate increases with increasing carbon to sulfate ratio and that 
Na2CO3 is a catalyst in the mechanism. 22 
4. ANALYTICAL METHODS 
4.1 CHAR COLLECTION AND SULFUR EXTRACTION 
The first part of this work was to establish the appropriate procedures to 
preserve and determine the amount of each sulfur species from the char residue that was 
obtained from the laminar entrained-flow reactor. In preliminary experiments, we found 
that char from pyrolysis of black liquor is very reactive and easily oxidized. The 
problems encountered were that sodium sulfide (Na2S), which is produced by reduction of 
other sulfur species, is a very reactive compound and is oxidized very rapidly by 
elemental oxygen to other species such as sodium sulfate (Na2SO4) and sodium 
thiosulfate (Na2S2O3). To measure the sulfur species in the pyrolysis char, it was critical 
to prevent oxidation of the char during collection and handling. To overcome this 
problem, char samples were removed from the cyclone in a glove bag flushed with 
nitrogen. The char was weighed and mixed with water prior to analysis for sulfur ion 
species in the glove bag. The pH of the char-water mixture was measured to ensure the 
optimum ionization of those sulfur ion species, and then the insoluble char particles were 
filtered out and the soluble sulfur ion species were injected into sampling vial for CES 
analysis. 23 
Power Supply 
Figure 4.1 Basic schematic diagram of capillary electrophoresis 
4.2 CAPILLARY ELECTROPHORESIS ANALYSIS OF SULFUR SPECIES 
Capillary Ion Analysis (CIA) is a type of capillary electrophoresis (CE) 
optimized for the rapid analysis of low molecular weight anions and cations.  It separates 
ions according to their mobility in electrolytic solutions'''. A Dionex model CES-1 
Capillary Electrophoresis System (CES) was used to determine the amount of various 
sulfur species in the char samples. A basic schematic diagram of capillary electrophoresis 
is shown in Figure 4.1. A sample is injected into the capillary and ions in the sample are 
forced to move under high voltage which causes an electroosmotic flow. The separation 
process takes place along the capillary by the fact that each ion has a different ionic 
charge and molecular weight, resulting in different mobilities under the electroosmotic 
flow. 24 
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Figure 4.2 Test for sulfate peak with a different voltage between the poles 
The operating conditions needed to be optimized so that the analysis of 
sulfur ion species including sulfate (S02,- ), thiosulfate (S202; ), sulfite (SO- and 
hydrosulfide (HS-) could be done simultaneously"'. The voltage between each pole, the 
length and diameter of the capillary, pH, and wavelength of the UV detector are the four 
main variables that need to be optimized. 
The common voltage range for analysis of anion species is around 15 kV 
to 30 kV. Tests to determine the appropriate value were conducted by injecting a sample 
which contained sulfur species into the CES and performing the analysis at different 
111 The char samples need to be injected to CES and analyze for all sulfur species at once right after each 
experiment to minimize the oxidation of sulfide. 25 
voltages. The result of the tests for sulfate ion using a voltage of 15 kV and 30 kV 
voltage are shown in Figure 4.2. 
From the electropherogram in Figure 4.2, it was clear that using a voltage 
of 30 kV gives a larger peak area and peak height for sulfate ion with the same 
concentration. Also with the higher voltage, one can expect a faster peak response than at 
the lower voltage. The test results are the same for other sulfur species including 
thiosulfate (S2023" ), sulfite (S023- ), and hydrosulfide (HS"). It was concluded that using 
a voltage of 30 kV for CES is preferable for sulfur ion species analysis by CES. 
The diameter and length of the capillary also affect the separation 
efficiency of each ion species. A longer capillary can result in a more efficient separation, 
but a shorter length of capillary results in a shorter analysis time. The length of capillary 
selected depends on the degree of separation that one needs to achieve. In our 
experiments, which involved many ion species due to the complexity of the components 
in black liquor, selecting a longer length is more practical. This was especially important 
in the experiments at lower reactor temperatures (<900 °C) where the hydrosulfide peak 
(HS" ) always appears just seconds before another unknown peak. Data obtained with a 
50 cm vs. a 60 cm capillary length for the same sample are shown in Figure 4.3. It is 
obvious from the electropherograms that we got an unknown peak which overlapped with 
hydrosulfide peak if a 50 cm capillary was used, while switching to a 60 cm capillary 
gave us a distinct hydrosulfide peak. Consequently, all of the CES analyses were done 
using a capillary of 60 cm in length and 50 gam in diameter. 26 
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Figure 4.3 Comparison between using 50 vs 60 cm capillary length 
Selecting the wavelength of UV light used in the detector is important 
since different ion species absorb UV light at different wavelengths. For the sulfur ion 
species of interest (sulfate (SO4- ), thiosulfate (S2023- ), sulfite (S032- ), and hydrosulfide 
(HS- )), selecting the appropriate wavelength which optimizes the detection efficiency for 
all four sulfur ion species is very important. Romano and Salomon45 used the wavelength 
between 180 - 260 nm in their capillary ion analysis of pulp mill  process liquors. 27 
To test for optimum wavelength, three identical samples which contained 
all four sulfur species were analyzed by CES using three different wavelengths of 190, 
210 and 250 nm respectively. The resulting electropherograms are shown in Figure 4.4. 
The results show that a wavelength of 210 nm is the most appropriate wavelength for the 
sulfur ion species analysis. A summary of the optimum analysis conditions for sulfur 
anions using CES are shown in Table 4.1. 
Table 4.1 Analysis condition for CES operation 
Capillary  50 pm ID x 60 cm 
Buffer  2.25 mM Pyromellitic Acid (PMA) 
6.50 mM Sodium Hydroxide (NaOH) 
0.75 mM Hexamethonium Hydroxide (HMOH) 
1.6 mM Triethanolamine (TEA) 
Injection Volume  Gravity (100 mm, 30 seconds) 
Polarity  (-), Detector side 
Control Mode  Constant voltage, 30 kV 
Detector  UV, 210 nm (indirect) 
4.3 TESTING FOR LINEARITY OF THE CALIBRATION CURVE OF SULFUR ION 
SPECIES 
Due to the high reactivity of hydrosulfide ion (HS-) which can be oxidized 
rapidly to thiosulfate and sulfate ions, it is not acceptable to hold samples which had been 
dissolved in water for more than 30 minutes before injection into the CES for analysis. 28 
All the analyses had to be performed immediately after the sample had been dissolved and 
taken out of the glove bag. Hydrosulfide ion standards, therefore, needed
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Figure 4.4 Comparison among 190, 210, and 250 nm wavelengths
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Figure 4.5 Calibration curve for thiosulfate ion 
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Figure 4.6 Calibration curve for sulfate ion 
Table 4.2 Typical sulfur ion species used in the experiments 
Species  Thiosulfate  Sulfate  Sulfite  Hydrosulfide 
Concentration  2-6 ppm  4-6 ppm  2-5 ppm  2-6 ppm 30 
7.0E+05 
6.0E+05 _ 
5.0E+05 ­
4.0E+05 _ 
3.0E+05 _ 
2.0E+05 _ 
1.0E+05 _ 
0.0E+00 
Figure 4.7 Calibration curve for sulfite ion 
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Figure 4.8 Calibration curve for hydrosulfide ion 
to be prepared freshly and injected right after analysis of the samples was complete. 
Hence, it was not practical to prepare several standard concentrations (levels) to 
standardize the sample for each experiment. For example, if four concentration levels of 
standard are to be prepared, one needs to prepare sixteen standard samples (four for each 31 
species) just for each char sample analyzed. For that reason, a single calibration standard 
was used for each of the sulfur ion species analysis. The linearity of the calibration curves 
had to be checked to ensure the validity of using a sample standard for each sulfur species. 
Figures 4.5 - 4.8 show the calibration curves obtained with five standards of different 
concentration for each of sulfate (SO4- ), thiosulfate (S2032- ), sulfite (S03" ), and 
hydrosulfide (HS-) ions. It is clear that the assumption of linearity for these calibration 
curves is acceptable. In the experiments, the standard concentrations were selected to be 
as close as what we expected to get from the samples. The typical concentrations that 
were used in the experiments are shown in Table 4.2. 
4.4 COMPARING BETWEEN ANTIOXIDANT AND DEOXYGENATED WATER 
The use of an antioxidant as solvent to prevent oxidation of hydrosulfide 
ion (HS ") has been suggested'. Tests were done to check the suitability ofan antioxidant 
such as a solution of mannitol in sodium hydroxide. The results obtained by using a 10 
mM mannitol solution adjust pH to 12 as antioxidant are shown in Table 4.3. Similar 
results, in which water that had been deoxygenated by boiling and stripping with nitrogen 
was used, are also included in Table 4.3. 
The results show that using mannitol as an antioxidant did not significantly 
decrease the rate of hydrosulfide oxidation if the analysis was done within fifteen minutes 
after dissolving the char sample. There are also several drawbacks from using an 
antioxidant for the sulfur ion species analysis application, such as : 32 
The antioxidant adds other extra peaks to the electropherogram. 
The use of most antioxidant requires adding NaOH. This would double the 
amount of sample preparation and analysis since Na+ and OH' ions must also be measured 
quantitatively. 
In the presence of an antioxidant, the chemical composition of the sample 
solution will change continuously due to some reactions of the antioxidant with oxygen in 
solution. 
Table 4.3 Comparing between Antioxidant and Deoxygenated Water 
Antioxidant as solvent  Deoxygenated water as solvent 
Time between  HS- oxidized  Time between  HS- oxidized 
sample preparation  (mol %)  sample preparation  (mol %) 
and injection  and injection 
(minute)  (minute) 
12  3.59  30  4.97 
50  6.96  64  8.04 
90  13.15  117  17.43 
Therefore, deoxygenated water was used to extract ions from all of the 
char samples in preparing solutions for CES analysis, and all solutions were analyzed 
within 10 minutes of analysis. 
Some of the reproducibility data from the CES analysis are shown in Table 
4.4. 33 
Table 4.4 Analysis results from replicate runs for sulfur species in char for runs at 900°C 
and 0.7 s particle residence time. 
Component  Run A  Run B 
Sulfur as 
S2­ 0.00  0.00 
S2C',3  2.67  0.00 
SO-­ 7.72  8.02 
SO4  16.8  15.6 
4.5 FOURIER TRANSFORM INFRARED SPECTROMETER FOR ANALYSIS OF 
SULFUR GASEOUS SPECIES 
Almost all of the gaseous species involved in the pyrolysis of black liquor, 
except homonuclear diatomic molecules, are infrared active. These gaseous species have 
different IR absorption characteristics. Hence, Fourier Transform Infrared (FT -IR) 
absorption is an excellent technique for the quantitative analysis of these gases. A 
simplified optical representation of the spectrometer is given in Figure 4.9. 
A Bomem model B-1 FT-IR with a 7 meter pathlength gas cell was used in 
this work for analysis of sulfur species in the gaseous products. There are many 
advantages of using FT-IR rather than other gas analyzers such as gas chromatography, 
such as : 
Each gaseous specie has its own characteristic peak shape which is easy to 
identify. 34 
It is easy to control the operating condition, no need to select column type, 
adjust gas flow rate or set injection and column temperature as in GC. 
High resolution, in some cases, ppb can be achieved. 
FT-IR can detect most of the gaseous species of interest taking only one 
gas sampling for each run. 
The conditions that were used for the analysis of gaseous species using FT­
IR are shown in Table 4.5. 
To do quantitative analysis, a calibration curve for each gaseous species of 
interest needs to be prepared first. The procedure and calibration curves for sulfur 
gaseous species analysis are shown in Appendix B and C. A typical spectrogram from 
scanning pyrolysis gas product is shown in Figure 4.10. 
Table 4.5 Operating specification for FTIR 
Resolution  1 cm-
1 
No. of scans  32 
Path length  7 meters 
Type of scan  absorbance 
The complexity of the spectrogram results from the fact that the product 
gas from pyrolysis of black liquor solids contains a lot of gaseous species as shown in 
Table 4.6. Some species peaks overlap with each other which makes it difficult to obtain 
quantitative analysis. Subtraction of the sample spectrogram for each gas component 
known to be present can resolve this difficulty by exposing hidden peaks. Figures 4.11 ­35 
Detector 
Gas chamber 
Reflection mirror 
Figure 4.9 Schematic diagram of FTIR spectrometer 
4.13 show the procedure of subtracting a C2H4 spectrum from a sample spectrogram. 
This exposes a previously hidden CH3OH peak which overlapped with the C2114 peak. 
The water vapor spectrum is another spectrum that creates problems in 
quantitative analysis using FT-IR because of its broad band peak shape (Figure 4.15) 
which always overlaps with many other peaks. Subtracting the water vapor spectrum 
from the full sample spectrogram is the first thing that needs to be accomplished. Making 
a water vapor standard spectrogram requires a careful procedure since water vapor can 
damage the reflecting mirrors in the FT-IR gas chamber. A schematic diagram for 36 
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Figure 4.10 Typical spectrogram acquired from scanning pyrolysis gas product 
Table 4.6 Gas products detected from pyrolysis of black liquor solids 
C-gaseous species  S-gaseous species  N-gaseous species 
CO2  SO2  NO 
CO  COS  N20 
CH4  CS2  NO2 
C2H4  H2S"  NH3 
C2H2  CH3SH 
C3H6  (CH3)2S 
C4H6  (CH3 )2S 2 
CH3OH
 
CH2O
 
C21140
 
CH3COCH3
 
COS
 
CS2
 
" Ilt absorbance of H2S is very low so scrubber had been used for H2S analysis. 37 
preparing a water vapor spectrogram is shown in Figure 4.14 - 4.16. Subtracting the 
water vapor spectrum from a sample spectrogram that contains water vapor peaks reveals 
many hidden peaks as shown in Figure 4.16. 
Though the subtraction technique describe above is an effective method 
that can be used to detect many hidden gaseous species peaks. Itwas found later that 
there are many kinds of mercaptan derivatives (R-CH2Sx) formed during this pyrolysis 
condition. As seen in Figures 4.17 and 4.18, examples of some spectra of mercaptan 
derivatives spectrograms reveal the difficulties in making the quantitative analysis since 
they absorb IR at almost the same wavelength. It is not possible to subtract all those 
mercaptan derivatives to make a quantitative analysis for each of them separately. To 
overcome this problem, an approximate analysis is one plausible way to at least give a 
rough estimation of the quantity of those mercaptan derivatives as if they were only one 
species. In this work, dimethyl sulfide was used to represent all of those mercaptan 
derivatives since it is the species that was expected to be formed more than the others. 38 
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Figure 4.13 Spectrum after subtraction of C2H4 spectrum 39 
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Figure 4.14 Spectrogram prior to subtraction of the water vapor spectrum 
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Figure 4.18 Dimethyl sulfide standard spectrum 41 
5. EXPERIMENTAL PROCEDURE FOR PYROLYSIS 
EXPERIMENTS 
5.1 EXPERIMENTAL SET-UP 
A simplified schematic diagram for the experimental set-up for the 
pyrolysis experiments of black liquor using a laminar entrained-flowreactor is shown in 
Figure 5.1. The reactor, solids separation equipment, and gas analyzers of this experiment 
include : 
Laminar Entrained-Flow Reactor (LEFR) 
Cyclone/filter assembly 
Fourier Transform Infrared Spectrometer (FTIR) 
H2S absorption bottle 
Laminar entrained flow reactors (Figure 5.2) have been used for a wide 
variety of research applications for over a quarter of  a centurY4647,48.  For gas-particle 
reactions they offer a rapid heating rate (-104 °C/s) and  a uniform gas environment. 
Particles entrained in a low temperature 'primary' gas stream are injected coaxially into a 
preheated 'secondary' stream within a heated ceramic tube. The particles rapidly heat and 
react. Residence time is controlled with a movable quenching collector that quickly cools 
the particles to stop any chemical reactions taking place.  Residence time can also be 
controlled with gas velocity. Particle time-temperature history is determined with a 42 
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Figure 5.1 A simplified schematic diagram of the experimental set-up 
predictive model based on the Flaxman's49 computational fluid dynamics algorithm'. 
The advantages of a LEFR for characteristic measurements of pyrolysis and combustion 
of solid fuels are : 
Very rapid heating rate. 
Can be used with small particles so the temperature gradients within the particles 
can be neglected. 
All the data of interest for pyrolysis and combustion For a given condition can be 
obtained in a single experiment. 43 
The LEFR at Oregon State University is the first to be used for studying 
the combustion behavior of spent pulping liquors. 
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Figure 5.2 Laminar entrained flow reactor 44 
5.2 EXPERIMENTAL CONDITIONS 
The experimental conditions that were used in this work are shown in 
Table 5.1. The particle residence times were calculated using Flaxman's49 computational 
fluid dynamic and heat transfer model of particle in a laminar entrained flow reactor. The 
model accounts for momentum transport, gas-particle slip, and convective and radiative 
heat transfer between the gas, reactor wall, and particles. The residence time that can be 
achieved by the LEFR is limited by the reactor path length and maximum input gas flow 
rate. 
Table 5.1 Experimental conditions 
Residence times  Temperature 
(sec)  (°C) 
700  - 900  1000  1100 
0.30  x  x  x 
0.35  x  x 
0.45  x 
0.50  x  x  x 
0.55  x  x 
0.65  x  x 
0.75  x  x  x  x 
0.85  x  x 
1.00  x  x  x  x 
1.15  x  x  x 
1.25  x  x  x  x 
1.50  x  x  x  x 
1.70  x  x 
The black liquor solids temperature history which was calculated by using 
Flaxman's mode149 is shown in Figure 5.3. The plot showed that the heating rate of LEFR 45 
is very fast, and that the particles reach the reactor temperature within 0 2 seconds after 
injection. Using this plot with the upper temperature limit for pyrolysis (460 °C) reported 
by Li and van Heiningen9, we see that primary pyrolysis was complete within first 0.07 
seconds after injection. Because the shortest residence time that was achieved using the 
LEFR in this work is 0.3 seconds, all the results reported in this thesis were the 
consequence of secondary reactions. 
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Figure 5.3 Black liquors solids temperature history as calculated by Flaxman's model49 
5.3 EXPERIMENTAL PROCEDURE 
The experimental procedure can be divided into three parts. 
5.3.1 Pre-run preparation 
5.3.2 Pyrolysis runs 46 
5.3.3 Data collection, char and gas sample analysis 
5.3.1. Pre-run Preparation 
The following is a detailed procedure for preparation for a laminar 
entrained-flow reactor experiment. 
5.3.1.1 Laminar Entrained-flow Reactor (LEFR) 
While the reactor is at room temperature, move the collector probe to the desired 
length. 
Make sure that cooling water is running through the reactor.
 
Set the temperature controller to the desired set point.
 
5.3.1.2 Capillary Electrophoresis System (CES) 
The UV lamp should be turned on to stabilize at least 15 minutes before analyzing 
any samples. 
Make sure that the appropriate capillary, wavelength, injection mode, and polarity 
have been selected. 
Rinse the system with 50% propanol in water and run a blank test for any solution 
that will be used as solvent. 
5.3.1.3 Fourier Transform Infrared Spectroscopy (FTIR) 
Make sure that there is ample nitrogen flow through the IR mirror components. 
Set the gas chamber heater to a temperature of 70 °C. 47 
Fill the IR detector cell with liquid nitrogen.
 
Purge the gas sampling chamber with nitrogen for 5 minutes.
 
Scan check for the acceptable alignment of the IR beam.
 
5.3.1.4 H2 S Scrubber 
Fill the scrubber with 100 cm3 cadmium acetate solution. 
5.3.1.5 Collector and Feeder System 
Fill the feeder tube with dry black liquor solids and weight, then install the feeder 
tube in the feeder system. 
Open quench, secondary and primary flows, adjust until achieving the desired set 
point. 
Turn feeder motor on to move the feeder tube upward until black liquor solid start 
to go into the reactor. Then stop the motor. 
5.3.2 Pyrolysis Runs 
Scan the reference gas (in this case, standard grade N2 flow through the reactor at 
the experimental conditions was used as a reference gas) for FTIR analysis. 
Start the experiment by turning on the motor to start feeding black liquor solids. 
Also start the data acquisition system at the same time. 
Chemical composition and titration procedures are found in appendix A. 48 
The experiment should run at least 3 minutes without plugging problems.  The 
experiment can be terminated any time by switching the motor feeder to the 
downward direction and stopping the data acquisition. 
5.3.3 Collecting Data, Char, and Gas Sample 
All flow rate data are collected by the computer data acquisition system. 
Product gas samples are collected and analyzed using FTIR for all sulfur gaseous 
species except H2S by starting the gas sampling after two minutes of an 
experimental run have passed without plugging problems. 
H2S can be analyzed via scrubbing with the cadmium acetate solution and a 
titration procedure as described in Appendix A. 
After the experiment is terminated, a flow of quench gas must be 
maintained to reduce the char temperature and prevent reoxidation. At this point,  ice 
cubes were packed around the cyclone's collector chamber to reduce its temperature. 
After the temperature of the collection chamber was low enough, the cyclone and 
collection chamber were removed quickly from the collection probe and put into a glove 
bag which had been flushed with nitrogen to prevent reoxidation of char sample.  After 
that the char and fume samples were weighed, and part of char was weighed and mixed 
with deoxygenated water to extract the soluble sulfur ion species for analysis by  CES. 
The CES analysis was always performed within 15 minutes after taking collector from the 
probe to minimize reoxidation of char sample. For the H2S scrubber, the CdS precipitate 49 
was removed by filtration, and redissolved with iodine solution then titrated with sodium 
thiosulfate solution for quantitative analysis. 50 
6. RESULTS AND DISCUSSION 
The results from analysis of char and gas samples for sulfur species using 
CES, FT-IR, and wet scrubbing for pyrolysis runs at temperatures between 700 °C - 1100 
°C and residence times of 0.3 - 1.7 s are presented and discussed in this section of the 
thesis. 
6.1 CHAR SAMPLE ANALYSIS 
Analysis of the sulfur ion species in the char samples obtained shows the 
effect of particles residence time on formation and decomposition of four sulfur ion 
species, SO4- ,  S2023- ,  S023- , and S2- , at each reactor temperature. The plots in Figure 
6.1 - 6.4 display the transformation of sulfur ion species at 700 °C, 900 °C, 1000 °C, and 
1100 °C respectively. Because the black liquor solids that were used throughout this 
work came from an oxidized liquor, there was no sulfide present at the beginning of each 
experiments. Sulfite, which is normally found in only blends of kraft and neutral sulfite 
semichemical liquors, was also absent initially. 
Thiosulfate, a major sulfur ion species in these experiments, decomposed 
rapidly from about 55% of the sulfur to almost 0% within the first 0.65 s at 700 °C and 
within 0.3 s at higher temperatures. Sulfate appeared to be stable at the lowest 
temperature (700 °C) and started to decompose slowly with a 0.9 second induction period 
at 900 °C. The decomposition rate increased with increasing temperature. Formation of 51 
sulfite was detected at all four temperatures. It apparently formed at short residence 
times and then decomposed after that, with greater amounts formedat lower 
temperatures. The data suggest that sulfite may be involved in the sulfur species 
transformation as an intermediate since the disappearance of sulfite corresponds in time 
with the appearance of sulfide. No formation of sulfide took place at 700 °C while it 
formed rapidly at higher temperatures. Also a 0.75 second induction period before 
sulfide formation began to occur rapidly was observed at 900 °C. This induction period, 
along with the details of each sulfur ion species formation and decomposition will be 
discussed in later sections. 
6.2 GAS SAMPLE ANALYSIS 
Figures 6.5 - 6.8 show the sulfur containing gaseous species analysis 
results using FT-IR (for CH3SH, COS, CS2, and SO2) and a wet scrubber for H2S. Note 
that all (CH3)2S data shown in this work represents several organosulfur compounds 
(mercaptan derivatives) including CH3SH, (CH3)2S , (CH3)2S2, etc. This results from the 
complexity of the spectral peak of these compounds in an FT-IR spectrogram as 
explained in section 4.5. The plots display sulfur gas species formed at different particle 
residence times for a reactor temperatures range between 700 - 1100 °C. 
The gaseous sulfur species formed at pyrolysis conditions in this work can 
be divided into two groups by the magnitudes of the amounts that were measured. The 
high concentration group consists of H2S and (CH3)2S, and the low concentration group 
includes COS, CS2 and SO2. For the first group, both (CH3)2S and H2S have 52 
approximately the same pattern of formation and disappearance but less of the sulfur 
input is converted to H2S. Hydrogen sulfide starts to be formed at short residence times, 
progresses to a maximum quantity, and then decreases at longer residence times and 
higher temperatures. It is obvious from the data that organosulfur compounds, which are 
represented by (CH3)2S, are major sulfur gaseous species formed during the pyrolysis.  At 
700 °C, they account for 50% of the sulfur input at long residence times. The rate of 
formation of the organosulfur species is faster at higher temperatures where they reached 
a maximum at 0.6 s at 900 °C and at 0.3 s or less at 1000 and 1100 °C. 
For the low concentration group, significant quantities of all species start 
to be formed at 900 °C (though trace amount can be detected at 700 °C ) with a different 
maximum amount at each temperature. The highest quantity of CS2 occurred at 1100 °C 
(8% of sulfur input). The sulfur dioxide formed was less than 3% of the sulfur input at 
all temperatures, with the peak amount formed decreasing at higher temperatures. Trace 
amount of COS were found at lower temperatures (less than 1% of the sulfur input in all 
cases). 
The proposed mechanisms of these gas-solid reactions of sulfur 
compounds are discussed in Section 6.6 of this thesis. 53 
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Figure 6.3 Sulfur ion species transformation at 1000 °C 
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Figure 6.4 Sulfur ion species transformation at 1100 °C 55 
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Figure 6.5 Sulfur gas species formed at 700 °C 
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Figure 6.6 Sulfur gas species formed at 900 °C 
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Figure 6.7 Sulfur gas species formed at 1000 °C 
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Figure 6.8 Sulfur gas species formed at 1100 °C 
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Figure 6.9 Sulfur mass balance closure 
6.3 SULFUR MASS BALANCE CLOSURE ANALYSIS 
Sulfur mass balance closure was calculated from the sulfur species data in 
the char and gas products in Figures 6.1 - 6.8. The calculation is based on the total 
amount of sulfur ion species (sulfate, thiosulfate, sulfite, and sulfide) in black liquor 
solids from CES analysis. The results, shown in Figure 6.9, are somewhat scattered 
especially at 700 and 900 °C. This is not surprising since at lower temperatures, 
unknown sulfur species may be formed during pyrolysis, and it may not be possible to 
identify all of those species. In this work, the CES analyzer was used to analyze only 
SO4- ,  S2032- ,  S032- , and HS" extracted from the char samples, and FT-IR was used for 
gas product analysis of mercaptans, CS2, COS, and SO2. H25 was analyzed by wet 58 
scrubbing. Poor closure at some conditions may result from the formation of elemental 
sulfur, polysulfide, and other organosulfur compounds including sulfur-containing tars. 
However, the plots of sulfur closure showed the same trend for all temperatures used 
with the poorest closure at very short and long residence times, while the closure was 
good at intermediate residence times. The poor closure at short residence times may be 
due to loss of sulfur as tar which is apparently formed in significant amounts at lower 
temperatures and short residence times. The closure at 700 °C and 900 °C at short 
residence times, when compared with the better closure at 1000 °C and  1100 °C, supports 
this argument. Other causes of poor closure at short residence times may be the 
formation of elemental sulfur from thiosulfate decomposition and also the formation of 
unidentified organosulfur compounds. 
For long residence times, the sulfur balance closure at high temperature 
appeared to be poorer. This may result from significant formation ofpolysulfide which 
could not be detected by CES. The data showed an increase in sulfide formation at 
higher temperatures. It is possible that sulfate and other sulfur ion species are reduced to 
sulfide and polysulfide, with an increase in polysulfide formation at longer residence 
times so that the sulfide formation starts to decrease with increasing residence time. Also 
the sulfur loss as sulfate and thiosulfate in fume was not taken into account in these 
sulfur closure calculations due to incomplete data on the fume particles collected. In the 
experiments, the fume generation was greater at higher temperatures and longer 
residence times which is consistent with this mechanism of sulfur loss at higher 
temperatures. 59 
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Figure 6.10 Thiosulfate vs. Residence time 
6.4 DETAILED DISCUSSION ON CHAR AND GASEOUS SULFUR SPECIES 
6.4.1 Thiosulfate 
Figure 6.10 shows the percent of sulfur input present as thiosulfate in the 
char versus time at all four reactor temperatures. Thiosulfate decomposed rapidly for all 
conditions, disappearing completely within 0.3 s at temperatures of 900 °C and above. In 
general, the data suggest that the primary pyrolysis reactions occurred in less than 0.3 s at 
900 °C and above in shorter residence times than can be achieved with the available 
LEFR gas flow rates. As a result, all the data obtained on gas phase reactions from this 
work (except possibly at 700 °C) are the consequence of secondary pyrolysis reactions. 60 
One should neglect an increase in thiosulfate at long residence times especially at 1000 
°C and 1100 °C since at those conditions a large amount of sulfide was formed and the 
reoxidation of sulfide back to thiosulfate (and also sulfite and sulfate) during sampling is 
inevitable. 
The rapid decomposition of thiosulfate is consistent with the work done 
by Clay et al.22, Strohbeen and Grace', and Douglass and Price'.  It seems that 
thiosulfate first decomposes to elemental sulfur by the following reactions  : 
Na2S2O3 + CO2  Na2CO3 + SO2 + S  (3.10) 
Na2S2O3 +3C0 = Na2S + S+ 3CO2  (3.11) 
Na2S2O3 = Na2S03 + S  (3.15) 
Since the sulfur closure is poor especially at lower temperatures and short 
residence times (see Figure 6.9) and reactions (3.10) and (3.11) are reported to proceed at 
low temperatures50, it is likely that the formation of elemental sulfur from thiosulfate 
decomposition reactions took place at these conditions. Small amounts of SO2 were 
detected which confirm the possibility of reaction (3.10). Also greater formation of 
sulfite(S023- ) at 700 °C and 900 °C supports reaction (3.15). Thiosulfate could be 
decomposed in molten sodium carbonate to form sulfide and sulfate directly by reaction 
(3.16). 
Na2S2O3 + Na2CO3  Na2S + Na2SO4 + CO2  (3.16) 
This reaction may take place at 1100 °C where the rate of sulfide formation and the rate 
of thiosulfate disappearance are roughly the same (see Figures 6.10 and 6.13). Sulfate 
produced from this reaction could then be reduced to sulfide. 61 
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Figure 6.11 Sulfate vs. Residence time 
6.4.2 Sulfate 
The results for sulfate transformation are shown in Figure 6.11. It appears 
that sulfate is reduced more slowly at lower temperatures. The results at 700 °C, and 900 
°C suggested that there were competitive or parallel reactions taking place since at both 
temperatures sulfate started to decompose, but then increased again, and finally was 
reduced to sulfide at long residence time with the slowest rate at 700 °C. It is possible 
that sulfate was formed by thiosulfate decomposition (reaction 3.16) while the reduction 
reactions to form sulfite, which is reduced by carbon and CO into sulfide, are also taking 
place. Sulfite could also be converted back to sulfate by reaction (3.25). 
4Na 2S 0 3  Na 2S + 3Na 2S 04  (3.25) 62 
From the plots at 1000 °C, and 1100 °C, it appeared that the reduction 
reaction dominates any sulfate formation reactions, with sulfate reduced to sulfide at a 
faster rate at higher temperatures. Details regarding the sulfate reduction mechanism and 
comparison of sulfate reduction results with Grace' S38 sulfate reduction model are 
presented in section 6.5. For the same reason as mentioned earlier, one should neglect 
the increase in sulfate at longer residence times for experiments  at 1000 °C, and 1100 °C, 
since the reoxidation of sulfide during sampling is unavoidable. 
6.4.3 Sulfite 
From analysis of the black liquor solids, no sulfite was initially present. 
However the plot of results in Figure 6.12 show that sulfite was produced during these 
pyrolysis conditions with the highest amounts at shorter residence times for higher 
reactor temperatures, and higher maximum sulfite values at lower temperatures. The 
possible reactions that can lead to the formation of sulfite are the reactions of sulfate with 
carbon active sites, (-CNa), (see section 6.5, Sulfate Reduction, for more detail). Sulfite 
could also be formed directly from thiosulfate by reaction (3.15).  It is likely that sulfite 
behave as an intermediate in the sulfate reduction mechanism where it is reduced to 
sulfide by reaction (3.28) and (3.29). 
Na2SO3 + 3C = Na2S + 3C0  (3.28) 
Na2SO3 + 3C0  Na2S + 3CO2  (3.29) 63 
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Figure 6.12 Sulfite vs. Residence time 
6.4.4 Sulfide 
Sulfide, which results from the reduction of other sulfur species in black 
liquor solids, was formed as shown in Figure 6.13. No sulfide (which was measured as 
HS- ion in the CES analysis) was formed at 700 °C for the residence time between 0.3  ­
1.7 s. There were induction times for Na2S formation as seen in Figure 6.13. The initial 
delay times were shorter at higher temperatures. The decrease in sulfide concentration at 
long residence times and higher temperatures could be the result of reoxidation while 
collecting char samples form the collector, or from polysulfide formation. 64 
60
 
50 
z 
700 °C 
0:1  40 
900 °C 
1000 °C 
30 
1100 °C 
474 
20
 
10
 
1.0  2.0 
Residence time (sec) 
Figure 6.13 Sulfide vs. Residence time 
There are many pathways that could lead to the formation of sulfide  ; 
reduction of sulfite, reactions (3.28) and (3.29), are among the most likely ones. Still, 
sulfide can be generated from thiosulfate, polysulfide, and organosulfur gases. There 
was no sulfide detected at 700 °C but it is likely that at this low temperature, the 
formation rates of sulfide by all mechanisms is low. It may be that all of the sulfide 
produced early was rapidly decomposed to other sulfur species such as H2S via reaction 
(3.1), since the equilibrium constant is favorable for H2S formation at low temperatures28 
and water vapor is more likely to be available at shorter residence times. The induction 
times observed at 900 °C and 1000 °C may also result from the rapid decomposition of 
sulfide produced since the reduction process should be slow at low temperatures and not 65 
proceed far in short residence times. The decrease in the length of the induction period 
as temperature increased agrees with this assumption. 
Na2S + H2O + CO2 .=. Na2CO3 + H2S  (3.1) 
Details of the sulfate reduction and sulfide formation mechanisms will be 
considered in section 6.5. 
6.4.5 Hydrogen sulfide (H2S) 
Considerable amount of H2S were formed during these experiments, 
ranging from 5% to more than 20% of the sulfur input. As shown in Figure 6.14, the 
maximum amount of H2S was measured at 900 °C. The greatest amount may be more 
than that reported here since the plots showed the maximum peaks at the shortest 
residence time that was achieved with the reactor (at 0.3 and 0.4 s) for temperatures of 
900 °C - 1100 °C. However, a 20% conversion of the sulfur in black liquor to H2S at 900 
°C is about what one would expect, based on the data of Brink et al.21, Clay et al.22, and 
Forssen et al.1° 
There are many reactions that could be involved in the formation and 
disappearance of H2S. The formation at short residence times may result from rapid 
decomposition via reaction (3.1) of Na2S formed from sulfate reduction or thiosulfate 
decomposition, which has a favorable equilibrium constant at lower temperatures. Also 
elemental sulfur from the decomposition of thiosulfate (which is very fast initially) could 
further react with water vapor to form H2S by reaction (3.14). Organic sulfur in black 
liquor solids could also be decomposed directly to form H2S, reaction (3.30). 66 
S + H20 + CO = CO2 + H2S  (3.14) 
Organic S  H2 S  (3.30) 
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Figure 6.14 H2S formed vs. Residence time 
Other possible sources of the formation include the insertion of sulfur into 
C-H bond of hydrocarbon fragments which can generate H2S as subsequent product. 
This will be discussed in the following section. 67 
100 
700 °C 
900 °C 
80  1000 °C 
1100 °C 
60 
40 
20 
H
 
1.0  2.0 
Residence time (sec) 
Figure 6.15 Mercaptans formed vs. Residence time 
6.4.6 Mercaptans and their derivatives 
Mercaptans and their derivative compounds are expected to form from the 
pyrolysis of black liquor solids (see proposed mechanism section). The FT-IR spectra of 
product gases from this work showed a lot of these compounds, confirming this 
prediction. However, since all of those products absorb at almost the same wavelengths, 
it was not possible to make quantitative analyses for each of those products individually. 
An approximate quantitative analysis needed to be introduced to provide at least the 
trend of these sulfur gaseous species. In this work, it was assumed that mercaptan and its 
derivatives are in the form of dimethyl sulfide (CH3)2S since this gave the average value 68 
for most cases. From here on, for convenience, the mercaptans and their derivatives will 
be called mercaptans. 
Figure 6.15 showed that mercaptans begin to form very early except at the 
lowest temperature where the data are somewhat scattered. Mercaptans are present as a 
major sulfur gas species with the maximum release of almost 70% of the sulfur input at 
900 °C. The mercaptans were then consumed at longer residence time at 900 °C - 1100 
°C. 
RCH2 SSCH 2 R---+RCH 2  CH2 -R 
R CH 3  R CH3SH  R CH2 
/
SH  S 
R CHN  R C  R CH = CH R
NH
SH 
/SH  S 
R C 
N  R C  (6.1) 
SH  SH 
The reaction that may be involved in the formation and consumption of 
these compounds is the well-known insertion of sulfur vapor molecules into the C-H 
bond of hydrocarbons, reaction (6.1)52, which can occur at temperatures as low as 160 °C. 69 
This reaction initially forms mercaptan and initiates other subsequent reactions which 
will result in a number of gaseous products such as H2, H2S, CS2, C2114, (CH3)2S, 
(CH3)2S2, R-CH2S,,I-1, etc. All the gaseous products mentioned except H2  were detected 
in this work by FT-IR, which supports this pathway. 
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Figure 6.16 CS2 formed vs. Residence time 
6.4.7 Carbon disulfide (CS2) 
Carbon disulfide is a minor sulfur gas species formed at levels of less than 
3% of sulfur input except at 1100 °C, where a maximum of the sulfur input had been 
"'FT -IR can not be used to detect any homo-nucler diatomic molecules such as H2, 02, N2, and etc. 70 
converted to CS2. All the plots in Figure 6.16 showed the same trend, with induction 
times before the appearance of CS2. The lower the temperature, the longer induction 
time was needed, ranging from 1.5 s at 700 °C to less than 0.3  s at 1100 °C. More CS2 is 
formed at higher temperature. The reactions which may lead to the forming of CS2 
include the insertion of sulfur into a C-H bond, the reaction of S2 with CH4, and the 
reaction with carbon as follows : 
675 °C 
CH4 ± 2S2  CS2  2H25  (3.3) 
over alumina 
900 °C 
C + 52 = CS2  (3.4) 
These reactions are thermodynamically favorable" 1 at the conditions used in this work. 
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Figure 6.17 COS formed vs. Residence time 71 
6.4.8 Carbonyl sulfide (COS) 
Carbonyl sulfide (COS) can be detected using FT-IR in trace amounts, less 
than 2% of the sulfur input for all conditions observed. Carbonyl sulfide started to form 
immediately with no induction period as seen with CS2. More is formed at higher 
temperatures. However, all of the COS formed disappeared at longer residence time 
except in the experiments at 700 °C. Carbonyl sulfide may be formed from carbon 
disulfide by reaction (6.2)53 . 
CS2 +H20  COS+ H2S  (6.2) 
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Figure 6.18 SO2 formed vs. Residence time 72 
6.4.9 Sulfur dioxide (SO2) 
Sulfur dioxide is another sulfur gaseous species that was detected from 
pyrolysis of black liquor solids. Most of the research done before this work reported no 
sulfur dioxide found during pyrolysis. This may be due to the very small amount (less 
than 4% of the sulfur input) that was converted to sulfur dioxide (as shown in Figure 
6.18) which makes it difficult to identify. Sulfur dioxide, the same as other minor sulfur 
species, appeared to form early and then decrease at longer residence time, with higher 
amounts formed at lower temperature. Sulfur dioxide may be formed from thiosulfate 
and sulfate by following reactions : 
Na2S203 + CO2  Na2CO3 + SO2 + S  (3.10) 
Na2SO4 + CO = Na2CO3 + SO2  (3.17) 
3Na2SO4 + CO2 + Na2S = 4Na2CO3 + 4S02  (3.18) 
6.5 SULFATE REDUCTION 
The plots from comparing between the sulfate reduction results obtained 
from this work and the sulfate reduction model proposed by Cameron and Grace39 are 
shown in Figure 6.19. From the plots, it was clearly seen that the model proposed by 
Cameron and Grace gave comparable results to the data obtained in this study. The 
reduction rate calculated from the model which is based on the adsorption of sulfate on 73 
carbon active sites', reaction (6.3)33, and the total number of active sites available per 
unit surface area. 
[SO4+ CNa  14.-->C(SO4)ads + Nam  (6.3) 
and  C, = CNa +C(SO4)  (6.4) 
where C(SO4)ads = adsorbed sulfate per unit surface area 
CNa = vacant active sites per unit surface area 
Ct = total number of active sites available for sulfate 
5.0 
o--Experimental at 1000 °C 
6Experimental at 1100 °C 4.0 
Model at 1000 °C 
Model at 1100 °C 
3.0 
2.0 
0.00  0.20  0.40  0.60  0.80  1.00  1.20  1.40 
Residence time (s) 
Figure 6.19 Comparison between Cameron and Grace's model and Experimental results 
wi See detail on active sites formation in Literature Review Chapter, reactions (3.19) - (3.22) 74 
As seen from the plots, the experimental sulfate reduction results showed 
a similar reduction rate compared with the model especially at 1000 °C with a slight 
difference at 1100 °C  .  It may be that since the mechanisms proposed by Cameron and 
Grace is based on the calculated activation energy from their experiments at temperatures 
lower than 1000 °C and the model tends to over predict the reduction rate at high 
temperatures. 
Based on the experimental results presented in this work, the following 
mechanism for sulfate reduction is suggested : 
Na2CO3  Na2SO3  Na2S 
(-CO2Na)  c  (-CONa)+CO ,c' (-CNa)+CO 
2  cot 
Na(v) 
Figure 6.20 Reaction diagram for sulfate reduction involving carbonate decomposition 
Reduction starts with the adsorption of Na2CO3 on the carbon surface, 
forming (-CO2Na) and (-CONa) active sites". In the absence of CO2 most of the active 
sites will be in form of (-CONa) which could then be reduced to (-CNa), possibly 
followed by desorption of Na vapor the from surface. At this point, Na2SO4  may 
exchange one oxygen atom with this (-CNa) active site to form Na2S03 and (- CONa), 75 
Figure 6.20. The sulfate formed could then be reduced to Na2S by reaction (3.28) and 
(3.29). 
6.6 PROPOSED SULFUR SPECIES TRANSFORMATION MECHANISM 
(PATHWAY) 
From the preceding discussion, the chemistry of sulfur is very complex, 
involving a number of subsequent formation and destruction reactions, some of which 
may occur in parallel as competing reactions. Using the data obtained from this work, 
the following sulfur species transformation mechanism (pathway) is proposed  : 
After completion of the drying step, thiosulfate in black liquor is 
decomposed rapidly to mostly elemental sulfur with a fraction to sulfate, polysulfide, and 
sulfur dioxide. The elemental sulfur produced then reacts with hydrocarbons to produce 
organic sulfur compounds, mostly mercaptans. A number of subsequent reactions from 
the insertion of elemental sulfur into C-H bonds produce hydrogen, hydrogen sulfide, 
dimethyl sulfide, dimethyl disulfide, carbon disulfide, and other mercaptan derivatives, 
R-CH2SxH. Organic sulfur initially in black liquor also contributes to the production of 
these organic sulfur gases. 
Part of the thiosulfate could react with carbonate to form sulfate and 
sulfide. Sulfate can then exchange an oxygen atom with a (-CNa) active site to form 
sulfite as an intermediate, which will further be reduced to sulfide. These subsequent 
reactions were slow at the beginning and at low temperatures; hence most of the sulfide 76 
H2S
 
Organic Sulfur 
Gases 
Na2S  Ar 
S2 
Hydrocarbon 
COS\ 
I 
S 
Na2SO3  Na2Sx 
SO2 
Na2SO4  Na2S2O3  Organic S 
Figure 6.21 The proposed mechanism of sulfur species transformation 
produced would be converted to hydrogen sulfide, carbonyl sulfide, etc. At longer 
residence times and higher temperatures, the net sulfate reduction rate is much faster, 
resulting in faster formation of sulfide at those conditions. However, from the data 
obtained, it is likely that most of the sulfide produced is formed by recapture of hydrogen 
sulfide and organic sulfur gases as Na2S since substantial amounts of these gaseous 
compounds were detected. These recapture mechanisms are thermodynamically 77 
favorable at higher temperature. This is seen from the results that there were less 
hydrogen sulfide and organic sulfur gases at higher temperatures while the formation rate 
of sulfide increased at that condition. The proposed mechanism diagram  of sulfur 
species transformation is shown in Figure 6.21. 78 
7. SUMMARY AND CONCLUSIONS
 
1.	  From the results obtained in this work, the laminar entrained-flow reactor appears to 
be a promising method to perform black liquor pyrolysis and combustion experiments 
at conditions which simulate those in a recovery boiler. The sampling and analytical 
techniques developed during this research, using FT-IR and CES to analyze sulfur 
species in the product gas and sulfur ions in the char residue gave plausible new data 
on sulfur species transformation which can be used as a first step for future work. 
2.	  For most of the conditions used in this work except at 700 °C, primary pyrolysis took 
place rapidly at the very beginning of the experiments; hence the results obtained 
from this work reflect secondary pyrolysis reactionsviii. The evidence which confirm 
the rapid primary pyrolysis reactions was that thiosulfate decomposed rapidly at 
within 0.3 s to almost 0% of the total sulfur input (except at 700 °C) which is the 
shortest residence time obtainable from LEFR. Sulfite, which was not found in the 
black liquor solids used, was found at short residence times and then decomposed 
after that. These are the first experiments in which the formation of sulfiteas an 
intermediate in sulfur species transformations and sulfate reduction are reported. 
3.	  For sulfate reduction, no reduction occurred at 700 °C while an induction period was 
observed before the onset of reduction at 900 °C and 1000 °C. No sulfide was 
detected at 700 °C while a rapid formation was found at 900 °C - 1100 °C, with 
"111 See detail on the end of devolatilization in Experimantal Procedure for Pyrolysis Experiments Chapter 79 
induction periods at 900 °C and 1000 °C. The length of the induction periods 
decreased with increasing reactor temperature. Sulfate reduction rate increased as 
temperature increase but the rate start to decrease at longer residence times. Also, 
sulfur was apparently converted from gaseous species to sulfide. 
4.	  Mercaptan and hydrogen sulfide are the most important sulfur gaseous species. They 
account for more than 80% of total sulfur detected in the gas phase. Mercaptan 
appeared as the first sulfur gaseous species observed, apparently formed from the 
insertion of elemental sulfur into the C-H bond of hydrocarbons such as methane 
which was present in significant quantities at these pyrolysis conditions. The 
elemental sulfur needed in this reaction would have come from the decomposition of 
thiosulfate which decomposed rapidly at the beginning of each run. Hydrogen sulfide 
would have been produced by the subsequent decomposition of mercaptan which also 
yield a lot of other mercaptan derivative compound such as (CH3)2S, (CH3)2S2, R­
CH2SXH and trace amount of CS2. The capture and recapture mechanisms of these 
sulfur gas species are involved in the production of sulfide since the reduction rate of 
sulfate was slower than the rate of formation of sulfide. Also, small amounts of COS 
and SO2 could be detected from this work. 
5.	  For the sulfate reduction mechanism, it is proposed that sulfate exchanges an oxygen 
atom with a [ -CNa] active site, which comes from the reduction of carbonate on the 
carbon surface, to form sulfite as an intermediate, and the sulfite is reduced to sulfide. 
It appeared that the reduction rate obtained from this work was similar to the rate 
calculated using Cameron and Grace's sulfate reduction model. 80 
6.  The followings are the practical implications of this work to black liquor recovery 
processes : 
For conventional recovery boiler, if one keeps the reactor temperature high 
enough, the reduction will proceed rapidly without the necessity of 
keeping the char residue in the char bed for a long time. Also, reduction 
can occur in flight, and it is important to have ample amounts of carbon in 
the char bed to preserve the sulfide from re-oxidation. 
For black liquor gasifiers, a high degree of sulfur reduction is more readily 
achievable at high temperatures, e.g. 900 °C - 1000 °C. 81 
8. RECOMMENDATIONS AND FUTURE WORK 
A study of the effect of particle size on the distribution of sulfur species during 
pyrolysis should be made. 
New scanning and subtracting techniques should be adapted so that each 
organosulfur gaseous compounds using FT-IR analysis can be identified. 
Further studies are needed to expand the results to be able to predict the outcome 
of other black liquors with different compositions. 
A global kinetic model of sulfur species transformation during pyrolysis that 
would be applicable to all black liquors needs to be developed. 
Modification of the LEFR is needed to study primary pyrolysis at residence times 
shorter than 0.3 s 
The effect of oxidizing gases (e.g. CO2, H20(v)) on the sulfur species 
transformation need to be studied. 82 
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APPENDIX A 
MEASUREMENT OF H2S IN THE PRODUCT GAS BY ABSORPTION IN AQUEOUS 
CADMIUM ACETATEix 
Measurement & analysis equipment : 
250 ml absorption bottle
 
pump
 
electrical heating cord
 
Erlenmeyer flasks
 
Buchner funnel and paper filter
 
1, 5 ml pipets
 
50 ml buret & stand
 
Reagents: 
Cadmium acetate solution : dissolve 25 grams of cadmium acetate dihydrate in 
small amount of water ; then add 100 ml strong acetic acid and dilute to 100 ml. 
0.1 N 12 solution 
0.1 N Thiosulfate solution 
ixTranslated by Kaj Wag from the method by Elina Pietild, Tampella Power Inc.. Adapted by V. 
Sricharoenchaikul 88 
Strong HC1 (37%) 
Starch solution (as an indicator)
 
Washing solution : 30 ml of strong acetic acid dilute to 1000 ml
 
Procedure: 
The sample gas is transported through a heated gas line to avoid 
condensate formation. The sample is led through a absorption bottle filled with 100 ml 
cadmium acetate solution at a volumetric flow of 2 1/min. At the termination of a run, the 
precipitated CdS as well as particles collected on the bottle wall and dispersion tube are 
washed with a washing solution of acetic acid and then transferred and filtered with a 
Buchner funnel. The precipitate on the filter paper is then transferred to Erlenmeyer 
flasks, 5 ml of 0.1 N 12 solution is added (the brown color of iodine solution has to be 
maintained) followed by 2.5 ml of strong HC1, and the contents are stirred and shaken 
until all precipitate has dissolved. The excess amount of 12 is titrated with 0.1 N sodium 
thiosulfate using starch as an indicator. The color changes from brown to colorless at the 
end point. The concentration of H2S in the gas is determined by the following equation  : 
1.12(12  A) x 1000 ppm
H2 S = 
V  Nm3 
where 1 2= amount of 12 solution added (5 ml in this case) 
A = consumption of 0.1 N sodium thiosulfate in ml 
V = amount of gas (liters) corresponding to dry gas which is calculated from : 89 
273.15  v 
+273.15  s 
where Ts = gas temperature at the time of measuring (assume to be equal to room 
temperature 
V, = amount of gas passing through the absorption bottle (liter) 90 
APPENDIX B 
PREPARING CALIBRATION CURVE FOR FTIR ANALYSIS OF SULFUR 
GASEOUS SPECIES 
Measurement & analysis equipment : 
Fourier Transform Infrared Spectroscopy (FTIR) model Bomem B-100 
On line data acquisition software (Lab CalcTmx) 
Electrical heating pad 
Diaphragm pump 
Two mass flow meters 
Reagents: 
Standard grade nitrogen 
Liquid nitrogen 
Calibrated standard gas for any species of interest 
Lab Ca1cTM is trademark of Galactic Industries Corporation. 91 
Procedure: 
Fill up the FTIR detector with liquid nitrogen, flush gas sampling chamber 
with nitrogen for at least five minutes before start any scan. The gas sampling chamber 
should be heated by electrical heating to above 70 °C to prevent absorption of gas from 
the sample on the chamber walls. To start sampling, mix standard gas with nitrogen to get 
the desired concentration. The flowrate of standard gas and nitrogen can be calculated by 
the following equation : 
ppmd  xVN 
Vs = 
(PPMs  PPMd) 
where Vs. = Standard gas flow (ml/min) 
VN= Nitrogen flow (ml/min) 
ppms= Concentration of standard gas (ppm) 
ppmd= Desired concentration of final gas mixture (ppm) 
Start sampling the gas by evacuating the gas sampling chamber and then 
opening the inlet valve to let the gas flow into the gas chamber while adjusting the flow to 
the desired level. When the gas chamber is filled up, open the outlet valve to let gas 
sample flow through gas chamber for at least 5 minutes to stabilize the mixture flow to 
obtain a more accurate desired gas concentration in the chamber. Then close both the 
inlet and outlet valves and start scanning the sample gas. Flush the gas chamber with 
nitrogen after finishing each scan. 92 
APPENDIX C 
FTIR CALIBRATIONS 
FUR COS Calibration (carbonyl sulfide) 
Condition : 
Date : 
Reference file : 
Temperature 70 °C 
Alignment 9400 
04/05/1994 
COSCAL 
Wave length :  1958.9 - 2152.3 
Use "ignore corrected ppm" mode 
Actual ppm 
5.01 
5.01 
15.04 
15.04 
35.04 
35.04 
54.99 
54.99 
75.31 
75.31 
93.70 
Ignore Corrected ppm 
3.82 
4.66 
12.38 
12.98 
32.02 
35.44 
48.88 
51.60 
65.24 
68.07 
93.70 
Corrected ppm 
0.50 
0.69 
3.40 
3.68 
16.10 
19.02 
32.28 
35.28 
51.84 
55.41 
93.70 93 
100.00 
90.00 
80.00 
70.00 
E  a.  60.00 
ct. 
Tg  50.00 
a  40.00 
Q 
30.00 
20.00 
10.00 
0.00 
0.00 
Calibration Curve of COS 
(Ignore Corrected ppm) 
20.00  40.00  60.00  80.00  100.00 
Ignore corrected ppm 94 
FTIR (CHAS Calibration (dimethyl sulfide) 
Condition :  Temperature 70 °C 
Alignment 9400 
Date :  04/06/1994 
Reference file :  DIMETCAL 
Wave length :  2785.1 - 3048.8 
Use "ignore corrected ppm" mode 
Actual ppm  Ignore Corrected ppm  Corrected ppm 
4.78  3.78  0.50 
4.78  4.07  0.57 
14.33  9.26  2.18 
14.33  10.89  2.84 
33.40  27.20  12.71 
33.40  29.89  14.84 
52.41  40.62  24.55 
52.41  44.53  28.47 
71.77  55.08  40.46 
71.77  55.07  40.46 
89.30  89.28  88.97 95 
Calibration Curve of (CH3)2S 
(Ignore Corrected ppm) 
90.00 
80.00 _ 
70.00 
E 
au 0. 
a 
Tv' 
60.00 
50.00 
40.00 
;C.'  30.00 
20.00 _ 
10.00 
0.00 
0.00  20.00  40.00  60.00  80.00  100.00 
Ignore corrected ppm 96 
FTIR CH3SH Calibration (methyl mercaptan) 
Condition :  Temperature 70 °C 
Alignment 9400 
Date :  04/07/1994 
Reference file :  MERCAL 
Wave length :  2811.5 - 3066.4 
Use "ignore corrected ppm" mode 
Actual ppm  Ignore Corrected ppm  Corrected ppm 
4.72  0.95  0.05 
4.72  1.69  0.14 
14.16  5.93  1.06 
14.16  8.12  1.77 
32.99  27.30  12.93 
32.99  27.79  13.32 
51.76  39.29  23.45 
51.76  39.05  23.19 
70.89  56.18  42.08 
70.89  56.37  42.39 
88.20  88.20  88.20 97 
Calibration Curve of CH3SH 
(Ignore Corrected ppm) 
90.00 
80.00 _ 
70.00 _ 
60.00 _ 
50.00 _ 
40.00 _ 
30.00 _ 
20.00 _ 
10.00 _ 
0.00  i  1  i 
0.00  20.00  40.00  60.00  80.00  100.00 
Ignore corrected ppm 98 
APPENDIX D 
GAS ANALYSIS DATA 99 
Experiment 
LIQUOR TYPE 
TEMPERATURE ( °C) 
ROOM TEMPERATURE ( °C) 
PARTICLE SIZE (pm) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
°A input weight in cyclone 
Chemical Analysis 
% S input as 
H25 wrong titration 
COS 
CS2 
SO2 
(CH3)2S 
EXP38 
1 
900 
26.4 
90-125 
35.7 
2.85 
0.12 
13.93 
13.93 
18.66 
1.48 
316.43 
0.0085 
0.49 
6.19 
0.53 
1.92 
0.36 
0.92 
47.77 
38.15 
0.33 
0.00 
3.56 
67.87 
Experiment  EXP51 
LIQUOR TYPE  1 
TEMPERATURE ( °C)  900 
ROOM TEMPERATURE ( °C)  26.2 
PARTICLE SIZE (pm)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.18 
SECONDARY FLOW (total)  20.93 
N2 (1/min)  20.93 
QUENCH (1/min)  27.73 
SCRUBBER (1/min)  0.31 
TOTAL RUNNING TIME (sec)  297.36 
RESIDENCE TIME 
effective reactor volume (1)  0.0059 
primary flow rate (1/min)  0.72 
injector velocity (cm/sec)  9.18 
residence time (sec)  0.31 
Weight Data 
TOTAL INPUT WEIGHT (g)  2.68 
MASS FLOW RATE (g/min)  0.54 
RESIDUAL WEIGHT  1.27 
% input weight in cyclone  47.36 
Chemical Analysis 
% S input as 
H2S  18.61 
COS  0.06 
CS2  0.00 
SO2  1.62 
(CH3)2S  23.48 100 
Experiment 
LIQUOR TYPE 
TEMPERATURE ( °C) 
ROOM TEMPERATURE ( °C) 
PARTICLE SIZE (p.m) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
% S input as 
H2S 
COS 
CS2 
.. 
S02 
(CH3)2S 
EXP52 
1 
900 
28.6 
90-125 
35.7 
2.85 
0.09 
10.38 
10.38 
13.93 
1.49 
271.60 
0.0119 
0.35 
4.50 
0.87 
2.02 
0.45 
1.32 
65.11 
16.44 
0.68 
2.20 
2.00 
48.86 
Experiment  EXP53 
LIQUOR TYPE  1 
TEMPERATURE ( °C)  700 
ROOM TEMPERATURE ( °C)  27 
PARTICLE SIZE (1.1m)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.11 
SECONDARY FLOW (total)  12.54 
N2 (1/min)  12.54 
QUENCH (1/min)  16.78 
SCRUBBER (1/min)  1.50 
TOTAL RUNNING TIME (sec)  323.51 
RESIDENCE TIME 
effective reactor volume (1)  0.0119 
primary flow rate (1/min)  0.36 
injector velocity (cm/sec)  5.58 
residence time (sec)  0.84 
Weight Data 
TOTAL INPUT WEIGHT (g)  2.37 
MASS FLOW RATE (g/min)  0.44 
RESIDUAL WEIGHT  1.56 
% input weight in cyclone  65.88 
Chemical Analysis 
% S input as 
H2S  21.14 
COS  0.14 
CS2  0.00 
SO2  2.81 
(CH3)2S  42.25 101 
Experiment 
LIQUOR TYPE 
TEMPERATURE ( °C) 
ROOM TEMPERATURE ( °C) 
PARTICLE SIZE (gm) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
% S input as 
H2S 
COS 
CS2 
SO2 
(CH3)2S 
EXP54
 
1 
900 
29.4 
90-125 
35.7 
2.85 
0.15 
16.66 
16.66 
18.47 
2.29 
378.32 
0.0119 
0.57 
7.37 
0.63 
2.90 
0.46 
1.51 
52.18 
8.05 
0.47 
0.37 
2.84 
47.91 
Experiment  EXP56 
LIQUOR TYPE  1 
TEMPERATURE ( °C)  1000 
ROOM TEMPERATURE ( °C)  27.2 
PARTICLE SIZE (gm)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.11 
SECONDARY FLOW (total)  12.47 
N2 (1/min)  12.47 
QUENCH (1/min)  16.44 
SCRUBBER (1/min)  1.99 
TOTAL RUNNING TIME (sec)  297.15 
RESIDENCE TIME 
effective reactor volume (1)  0.0153 
primary flow rate (1/min)  0.45 
injector velocity (cm/sec)  5.34 
residence time (sec)  0.91 
Weight Data 
TOTAL INPUT WEIGHT (g)  2.03 
MASS FLOW RATE (g/min)  0.41 
RESIDUAL WEIGHT  1.03 
% input weight in cyclone  50.93 
Chemical Analysis 
% S input as 
H2S 
COS  0.00 
CS2  0.00 
SO2  0.00 
(CH3)2S  6.44 102 
Experiment 
LIQUOR TYPE 
TEMPERATURE (°C) 
ROOM TEMPERATURE (°C) 
PARTICLE SIZE (p.m) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
% S input as 
H2S 
COS 
CS2 
SO2 
(CH3)2S 
EXP60
 
1 
900 
31.2 
90-125 
35.7 
2.85 
0.11 
12.04 
12.04 
16.02 
2.49 
120.89 
0.0254 
0.41 
5.28 
1.60 
0.70 
0.35 
0.32 
45.89 
3.26 
0.39 
0.02 
0.00 
9.29 
Experiment  EXP61 
LIQUOR TYPE  1 
TEMPERATURE (°C)  700 
ROOM TEMPERATURE (°C)  28 
PARTICLE SIZE (gm)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.11 
SECONDARY FLOW (total)  12.93 
N2 (1/min)  12.93 
QUENCH (1/min)  17.13 
SCRUBBER (1/min)  2.09 
TOTAL RUNNING TIME (sec)  284.08 
RESIDENCE TIME 
effective reactor volume (1)  0.0254 
primary flow rate (1/min)  0.36 
injector velocity (cm/sec)  5.55 
residence time (sec)  1.71 
Weight Data 
TOTAL INPUT WEIGHT (g)  1.95 
MASS FLOW RATE (g/min)  0.41 
RESIDUAL WEIGHT  0.96 
% input weight in cyclone  49.30 
Chemical Analysis 
% S input as 
H2S  7.52 
COS  0.31 
CS2  0.54 
SO2  2.24 
(CH3)2S  42.56 103 
Experiment 
LIQUOR TYPE 
TEMPERATURE ( °C) 
ROOM TEMPERATURE (°C) 
PARTICLE SIZE (pm) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
S input as 
H2S 
COS 
CS2 
SO2 
(CH3)2S 
EXP62
 
1 
700 
34.9 
90-125 
35.7 
2.85 
0.13 
15.58 
15.58 
20.92 
2.55 
269.35 
0.0254 
0.41 
6.51 
1.49 
1.69 
0.38 
1.05 
62.23 
8.44 
0.28 
0.30 
2.57 
58.54 
Experiment  EXP64 
LIQUOR TYPE  1 
TEMPERATURE ( °C)  1000 
ROOM TEMPERATURE ( °C)  30.4 
PARTICLE SIZE (p.m)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.10 
SECONDARY FLOW (total)  11.96 
N2 (1/min)  11.96 
QUENCH (I/min)  16.01 
SCRUBBER (1/min)  2.25 
TOTAL RUNNING TIME (sec)  276.39 
RESIDENCE TIME 
effective reactor volume (1)  0.0254 
primary flow rate (1/min)  0.43 
injector velocity (cm/sec)  5.16 
residence time (sec)  1.52 
Weight Data 
TOTAL INPUT WEIGHT (g)  2.00 
MASS FLOW RATE (g/min)  0.43 
RESIDUAL WEIGHT  0.86 
% input weight in cyclone  42.97 
Chemical Analysis 
% S input as 
H2S  1.57 
COS  0.00 
CS2  0.00 
SO2  0.00 
(CH3)2S  1.31 104 
Experiment 
LIQUOR TYPE 
TEMPERATURE (°C) 
ROOM TEMPERATURE (°C) 
PARTICLE SIZE (p.m) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (I/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
% S input as 
H2S 
COS 
CS2 
SO2 
(CH3)2S 
EXP65
 
1 
1100 
33.2 
90-125 
35.7 
2.85 
0.10 
10.98 
10.98 
14.77 
2.21 
175.21 
0.0254 
0.43 
4.75 
1.54 
0.95 
0.33 
0.23 
24.63 
1.23 
0.00 
0.16 
0.00 
0.00 
Experiment  EXP66 
LIQUOR TYPE  1 
TEMPERATURE (°C)  900 
ROOM TEMPERATURE (°C)  24.5 
PARTICLE SIZE (pm)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.10 
SECONDARY FLOW (total)  11.27 
N2 (1/min)  11.27 
QUENCH (1/min)  15.12 
SCRUBBER (1/min)  2.30 
TOTAL RUNNING TIME (sec)  214.64 
RESIDENCE TIME 
effective reactor volume (1)  0.0254 
primary flow rate (1/min)  0.39 
injector velocity (cm/sec)  4.90 
residence time (sec)  1.68 
Weight Data 
TOTAL INPUT WEIGHT (g)  0.99 
MASS FLOW RATE (g/min)  0.28 
RESIDUAL WEIGHT  0.49 
% input weight in cyclone  49.68 
Chemical Analysis 
% S input as 
H2S  2.40 
COS  0.00 
CS2  0.00 
SO2  0.00 
(CH3)2S  6.81 105 
Experiment 
LIQUOR TYPE 
TEMPERATURE ( °C) 
ROOM TEMPERATURE ( °C) 
PARTICLE SIZE (pm) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
% S input as 
H2S 
COS 
CS2 
SO2 
(CH3)2S 
EXP67_ 
1 
1000 
23.1 
90-125 
35.7 
2.85 
0.12 
13.96 
13.96 
18.76 
2.23 
298.03 
0.0127 
0.51 
5.96 
0.72 
1.40 
0.28 
0.75 
53.64 
8.14 
0.00 
1.70 
0.00 
14.62 
Experiment  EXP68 
LIQUOR TYPE  1 
TEMPERATURE ( °C)  1000 
ROOM TEMPERATURE ( °C)  28.7 
PARTICLE SIZE (pm)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.12 
SECONDARY FLOW (total)  13.97 
N2 (1/min)  13.97 
QUENCH (1/min)  18.71 
SCRUBBER (1/min)  2.18 
TOTAL RUNNING TIME (sec)  183.45 
RESIDENCE TIME 
effective reactor volume (1)  0.0127 
primary flow rate (1/min)  0.51 
injector velocity (cm/sec)  6.01 
residence time (sec)  0.72 
Weight Data 
TOTAL INPUT WEIGHT (g)  1.13 
MASS FLOW RATE (g/min)  0.37 
RESIDUAL WEIGHT  0.57 
°A input weight in cyclone  50.29 
Chemical Analysis 
% S input as 
H2S  8.43 
COS  0.00 
CS2  2.73 
SO2  0.00 
(CH3)2S  11.66 106 
Experiment 
LIQUOR TYPE 
TEMPERATURE ( °C) 
ROOM TEMPERATURE ( °C) 
PARTICLE SIZE (m) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
% S input as 
H2S 
COS 
CS2 
SO2 
(CH3)2S 
EXP69
 
1 
1100 
23.7 
90-125 
35.7 
2.85 
0.11 
12.92 
12.92 
17.25 
2.34 
276.27 
0.0127 
0.51 
5.46 
0.72 
1.78 
0.39 
0.90 
50.21 
1.87 
0.00 
0.00 
0.00 
7.92 
Experiment  EXP70 
LIQUOR TYPE  1 
TEMPERATURE (°C)  900 
ROOM TEMPERATURE ( °C)  29.9 
PARTICLE SIZE (1.im)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.11 
SECONDARY FLOW (total)  13.00 
N2 (1/min)  13.00 
QUENCH (1/min)  17.26 
SCRUBBER (1/min)  2.24 
TOTAL RUNNING TIME (sec)  297.59 
RESIDENCE TIME 
effective reactor volume (1)  0.0127 
primary flow rate (1/min)  0.44 
injector velocity (cm/sec)  5.73 
residence time (sec)  0.79 
Weight Data 
TOTAL INPUT WEIGHT (g)  2.11 
MASS FLOW RATE (g/min)  0.43 
RESIDUAL WEIGHT  1.32 
% input weight in cyclone  62.72 
Chemical Analysis 
% S input as 
H2S  9.10 
COS  0.54 
CS2  1.32 
SO2  2.39 
(CHAS  50.82 107 
Experiment 
LIQUOR TYPE 
TEMPERATURE (°C) 
ROOM TEMPERATURE ( °C) 
PARTICLE SIZE (utn) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
% S input as 
COS 
CS2 
SO2 
(CH3)2S 
EXP71 
1 
700 
24.6 
90-125 
35.7 
2.85 
0.11 
13.44 
13.44 
17.97 
2.31 
107.55 
0.0127 
0.37 
5.68 
0.86 
0.70 
0.39 
0.49 
69.48 
10.02 
0.24 
0.00 
3.73 
58.49 
Experiment  EXP72 
LIQUOR TYPE  1 
TEMPERATURE (°C)  700 
ROOM TEMPERATURE ( °C)  29 
PARTICLE SIZE (um)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1 /min)  0.10 
SECONDARY FLOW (total)  11.01 
N2 (1/min)  11.01 
QUENCH (1/min)  14.68 
SCRUBBER (1/min)  2.11 
TOTAL RUNNING TIME (sec)  297.03 
RESIDENCE TIME 
effective reactor volume (1)  0.0127 
primary flow rate (1/min)  0.32 
injector velocity (cm/sec)  4.93 
residence time (sec)  0.97 
Weight Data 
TOTAL INPUT WEIGHT (g)  2.26 
MASS FLOW RATE (g/min)  0.46 
RESIDUAL WEIGHT  1.48 
% input weight in cyclone  65.59 
Chemical Analysis 
% S input as 
H2S  9.60 
COS  0.09 
CS2  0.00 
SO2  2.51 
(CH3)2S  34.86 
1125 108 
Experiment 
LIQUOR TYPE 
TEMPERATURE (°C) 
ROOM TEMPERATURE ( °C) 
PARTICLE SIZE (pm) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
(1/0 S input as 
H25 
COS 
CS2 
SO2 
(CH3)2S 
EXP74
 
1 
1100 
27.8 
90-125 
35.7 
2.85 
0.12 
13.86 
13.86 
18.64 
2.52 
148.95 
0.0187 
0.56 
6.09 
0.96 
0.79 
0.32 
0.30 
38.49 
0.00 
0.09 
0.00 
3.91 
Experiment  EXP75 
LIQUOR TYPE  1 
TEMPERATURE (°C)  900 
ROOM TEMPERATURE (°C)  30 
PARTICLE SIZE (pm)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.11 
SECONDARY FLOW (total)  13.26 
N2 (1/min)  13.26 
QUENCH (1/min)  17.74 
SCRUBBER (1/min)  2.61 
TOTAL RUNNING TIME (sec)  283.58 
RESIDENCE TIME 
effective reactor volume (1)  0.0187 
primary flow rate (1/min)  0.44 
injector velocity (cm/sec)  5.70 
residence time (sec)  1.11 
Weight Data 
TOTAL INPUT WEIGHT (g)  1.94 
MASS FLOW RATE (g/min)  0.41 
RESIDUAL WEIGHT  1.06 
% input weight in cyclone  54.65 
Chemical Analysis 
% S input as 
H2 S  12.41 
COS  0.69 
CS2  2.68 
SO2  1.40 
(CH3)2S  37.02 109 
Experiment 
LIQUOR TYPE 
TEMPERATURE ( °C) 
ROOM TEMPERATURE ( °C) 
PARTICLE SIZE (pm) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
S input as 
H2S 
COS 
CS2 
SO2 
(CH3)2S 
EXP76
 
1 
700 
23.3 
90-125 
35.7 
2.85 
0.12 
13.18 
13.18 
17.60 
2.22 
297.97 
0.0187 
0.38 
5.85 
1.24 
2.04 
0.41 
1.40 
68.35 
13.01 
0.23 
0.00 
2.75 
47.34 
Experiment  EXP77 
LIQUOR TYPE  1 
TEMPERATURE ( °C)  900 
ROOM TEMPERATURE ( °C)  25 
PARTICLE SIZE (pm)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.10 
SECONDARY FLOW (total)  10.98 
N2 (1/min)  10.98 
QUENCH (1/min)  14.71 
SCRUBBER (1/min)  2.40 
TOTAL RUNNING TIME (sec)  298.19 
RESIDENCE TIME 
effective reactor volume (1)  0.0093 
primary flow rate (1/min)  0.38 
injector velocity (cm/sec)  4.76 
residence time (sec)  0.67 
Weight Data 
TOTAL INPUT WEIGHT (g)  1.89 
MASS FLOW RATE (g/min)  0.38 
RESIDUAL WEIGHT  1.18 
% input weight in cyclone  62.66 
Chemical Analysis 
% S input as 
H2S  8.18 
COS  0.43 
CS2  1.20 
SO2  2.71 
(CH3)2S  68.97 110 
Experiment 
LIQUOR TYPE 
TEMPERATURE (°C) 
ROOM TEMPERATURE ( °C) 
PARTICLE SIZE (pm) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
% S input as 
H2S 
COS 
CS2 
SO2 
(CH3)2S 
EXP78
 
1 
700 
22.9 
90-125 
35.7 
2.85 
0.12 
13.21 
13.21 
17.71 
2.25 
298.03 
0.0093 
0.39 
5.85 
0.65 
2.02 
0.41 
1.50 
74.42 
8.81 
0.06 
0.00 
1.28 
18.92 
Experiment  EXP79 
LIQUOR TYPE  1 
TEMPERATURE (°C)  700 
ROOM TEMPERATURE ( °C)  27.1 
PARTICLE SIZE (um)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.10 
SECONDARY FLOW (total)  11.26 
N2 (1/min)  11.26 
QUENCH (1/min)  15.25 
SCRUBBER (1/min)  2.09 
TOTAL RUNNING TIME (sec)  204.38 
RESIDENCE TIME 
effective reactor volume (1)  0.0093 
primary flow rate (1/min)  0.32 
injector velocity (cm/sec)  4.99 
residence time (sec)  0.72 
Weight Data 
TOTAL INPUT WEIGHT (g)  1.33 
MASS FLOW RATE (g/min)  0.39 
RESIDUAL WEIGHT  0.84 
% input weight in cyclone  63.71 
Chemical Analysis 
% S input as 
H2S  9.80 
COS  0.17 
CS2  0.00 
SO2  2.93 
(CH3)2S  59.72 111 
Experiment 
LIQUOR TYPE 
TEMPERATURE ( °C) 
ROOM TEMPERATURE ( °C) 
PARTICLE SIZE (p.m) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
% S input as 
H2S 
COS 
CS2 
SO2 
(CHAS 
EXP80
 
1 
1100 
23.5 
90-125 
35.7 
2.85 
0.11 
13.17 
13.17 
17.71 
2.64 
239.75 
0.0220 
0.53 
5.73 
1.16 
1.52 
0.38 
0.51 
33.89 
0.00 
0.10 
0.00 
1.58 
Experiment  EXP81 
LIQUOR TYPE  1 
TEMPERATURE (°C)  1100 
ROOM TEMPERATURE ( °C)  26.7 
PARTICLE SIZE (pm)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.10 
SECONDARY FLOW (total)  11.21 
N2 (1/min)  11.21 
QUENCH (1/min)  14.95 
SCRUBBER (1/min)  2.47 
TOTAL RUNNING TIME (sec)  297.31 
RESIDENCE TIME 
effective reactor volume (1)  0.0220 
primary flow rate (1/min)  0.45 
injector velocity (cm/sec)  4.95 
residence time (sec)  1.32 
Weight Data 
TOTAL INPUT WEIGHT (g)  1.86 
MASS FLOW RATE (g/min)  0.38 
RESIDUAL WEIGHT  0.59 
% input weight in cyclone  31.83 
Chemical Analysis 
°A3 S input as 
H2S  0.73 
COS  0.00 
CS2  0.10 
SO2  0.00 
(CHAS  0.00 112 
Experiment 
LIQUOR TYPE 
TEMPERATURE ( °C) 
ROOM TEMPERATURE ( °C) 
PARTICLE SIZE (pm) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
% S input as 
H2S 
COS 
CS2 
SO2 
(CH3)2S 
EXP83
 
1 
1000 
25.8 
90-125 
35.7 
2.85 
0.10 
11.80 
11.80 
15.88 
2.64 
299.45 
0.0220 
0.44 
5.12 
1.33 
2.00 
0.40 
0.95 
47.44 
0.27 
0.00 
0.37 
0.00 
2.39 
Experiment  EXP84 
LIQUOR TYPE  1 
TEMPERATURE ( °C)  1000 
ROOM TEMPERATURE ( °C)  28 
PARTICLE SIZE (pm)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.13 
SECONDARY FLOW (total)  14.37 
N2 (1/min)  14.37 
QUENCH (1/min)  19.33 
SCRUBBER (1/min)  2.54 
TOTAL RUNNING TIME (sec)  150.71 
RESIDENCE TIME 
effective reactor volume (1)  0.0220 
primary flow rate (1/min)  0.53 
injector velocity (cm/sec)  6.30 
residence time (sec)  1.15 
Weight Data 
TOTAL INPUT WEIGHT (g)  0.81 
MASS FLOW RATE (g/min)  0.32 
RESIDUAL WEIGHT  0.35 
% input weight in cyclone  43.79 
Chemical Analysis 
% S input as 
H2S  0.42 
COS  0.22 
CS2  0.00 
502  0.00 
(CH3)2S  5.91 113 
Experiment 
LIQUOR TYPE 
TEMPERATURE (°C) 
ROOM TEMPERATURE (°C) 
PARTICLE SIZE (pm) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
% S input as 
H2S 
COS 
CS2 
SO2 
(CH3)2S 
EXP85
 
1 
900 
27.2 
90-125 
35.7 
2.85 
0.11 
12.94 
12.94 
17.21 
2.66 
299.46 
0.0220 
0.43 
5.54 
1.32 
1.96 
0.39 
1.14 
58.42 
8.87 
0.67 
2.94 
0.00 
18.99 
Experiment  EXP86 
LIQUOR TYPE  1 
TEMPERATURE ( °C)  1100 
ROOM TEMPERATURE ( °C)  25 
PARTICLE SIZE (p.m)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.10 
SECONDARY FLOW (total)  11.48 
N2 (1/min)  11.48 
QUENCH (1/min)  15.28 
SCRUBBER (1/min)  2.53 
TOTAL RUNNING TIME (sec)  183.62 
RESIDENCE TIME 
effective reactor volume (1)  0.0076 
primary flow rate (1/min)  0.46 
injector velocity (cm/sec)  4.98 
residence time (sec)  0.50 
Weight Data 
TOTAL INPUT WEIGHT (g)  0.63 
MASS FLOW RATE (g/min)  0.21 
RESIDUAL WEIGHT  0.34 
% input weight in cyclone  54.37 
Chemical Analysis 
% S input as 
H2S  4.34 
COS  1.32 
CS2  6.15 
SO2  0.00 
(CHAS  22.84 114 
Experiment 
LIQUOR TYPE 
TEMPERATURE (°C) 
ROOM TEMPERATURE (°C) 
PARTICLE SIZE (um) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
% S input as 
112S 
COS 
CS2 
SO2 
(CH3)2S 
EXP88
 
1 
1000 
27.2 
90-125 
35.7 
2.85 
0.11 
12.39 
12.39 
16.61 
2.49 
188.67 
0.0076 
0.45 
5.35 
0.50 
1.06 
0.34 
0.58 
54.57 
7.86 
0.63 
2.05 
2.15 
44.18 
Experiment  EXP89 
LIQUOR TYPE  1 
TEMPERATURE (°C)  900 
ROOM TEMPERATURE (°C)  25 
PARTICLE SIZE (um)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.12 
SECONDARY FLOW (total)  13.29 
N2 (1/min)  13.29 
QUENCH (1/min)  17.89 
SCRUBBER (1/min)  2.45 
TOTAL RUNNING TIME (sec)  297.80 
RESIDENCE TIME 
effective reactor volume (1)  0.0076 
primary flow rate (1/min)  0.46 
injector velocity (cm/sec)  5.90 
residence time (sec)  0.50 
Weight Data 
TOTAL INPUT WEIGHT (g)  1.97 
MASS FLOW RATE (g/min)  0.40 
RESIDUAL WEIGHT  1.18 
% input weight in cyclone  59.97 
Chemical Analysis 
% S input as 
H2S  10.00 
COS  0.24 
CS2  0.00 
SO2  2.81 
(CH3)2S  53.40 115 
Experiment 
LIQUOR TYPE 
TEMPERATURE ( °C) 
ROOM TEMPERATURE ( °C) 
PARTICLE SIZE (pm) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
S input as 
H2S 
COS 
CS2 
SO2 
(CH3)2S 
EXP90
 
1 
700 
24.8 
90-125 
35.7 
2.85 
0.11 
12.99 
12.99 
17.28 
2.45 
211.03 
0.0076 
0.37 
5.60 
0.56 
1.46 
0.41 
1.07 
73.47 
6.55 
0.05 
0.00 
1.10 
15.87 
Experiment  EXP91 
LIQUOR TYPE  1 
TEMPERATURE ( °C)  1100 
ROOM TEMPERATURE ( °C)  25 
PARTICLE SIZE (i.n)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.13 
SECONDARY FLOW (total)  15.19 
N2 (1/min)  15.19 
QUENCH (1/min)  20.47 
SCRUBBER (1/min)  2.44 
TOTAL RUNNING TIME (sec)  228.17 
RESIDENCE TIME 
effective reactor volume (1)  0.0051 
primary flow rate (1/min)  0.62 
injector velocity (cm/sec)  6.69 
residence time (sec)  0.30 
Weight Data 
TOTAL INPUT WEIGHT (g)  1.42 
MASS FLOW RATE (g/min)  0.37 
RESIDUAL WEIGHT  0.66 
% input weight in cyclone  46.82 
Chemical Analysis 
S input as 
H2S  5.31 
COS  0.42 
CS2  1.37 
SO2  1.96 
(CH3)2S  38.04 116 
Experiment 
LIQUOR TYPE 
TEMPERATURE ( °C) 
ROOM TEMPERATURE ( °C) 
PARTICLE SIZE (pm) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
% S input as 
H2S 
COS 
CS2 
S02 
(CH3)2S 
EXP92
 
1 
1000 
24.7 
90-125 
35.7 
2.85 
0.14 
16.23 
16.23 
21.87 
2.54 
298.08 
0.0051 
0.61 
7.14 
0.31 
2.24 
0.45 
1.25 
55.80 
10.36 
0.24 
0.00 
2.30 
51.79 
Experiment  EXP93 
LIQUOR TYPE  1 
TEMPERATURE ( °C)  900 
ROOM TEMPERATURE ( °C)  23.9 
PARTICLE SIZE (pm)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.10 
SECONDARY FLOW (total)  12.05 
N2 (1/min)  12.05 
QUENCH (1/min)  15.99 
SCRUBBER (1/min)  2.52 
TOTAL RUNNING TIME (sec)  298.63 
RESIDENCE TIME 
effective reactor volume (1)  0.0051 
primary flow rate (1/min)  0.41 
injector velocity (cm/sec)  5.23 
residence time (sec)  0.37 
Weight Data 
TOTAL INPUT WEIGHT (g)  2.13 
MASS FLOW RATE (g/min)  0.43 
RESIDUAL WEIGHT  1.40 
% input weight in cyclone  65.62 
Chemical Analysis 
% S input as 
H2S  9.43 
COS  0.16 
CS2  0.00 
SO2  2.54 
(CH3)2S  46.17 117 
Experiment 
LIQUOR TYPE 
TEMPERATURE ( °C) 
ROOM TEMPERATURE ( °C) 
PARTICLE SIZE (p.m) 
% of Carbon in BL 
% of Sulfur in BL 
PRIMARY FLOW (1/min) 
SECONDARY FLOW (total) 
N2 (1/min) 
QUENCH (1/min) 
SCRUBBER (1/min) 
TOTAL RUNNING TIME (sec) 
RESIDENCE TIME 
effective reactor volume (1) 
primary flow rate (1/min ) 
injector velocity (cm/sec) 
residence time (sec) 
Weight Data 
TOTAL INPUT WEIGHT (g) 
MASS FLOW RATE (g/min) 
RESIDUAL WEIGHT 
% input weight in cyclone 
Chemical Analysis 
% S input as 
H2S 
COS 
CS2 
SO2 
(CH3)2S 
EXP94
 
1 
700 
25.3 
90-125 
35.7 
2.85 
0.12 
14.33 
14.33 
19.12 
2.62 
244.20 
0.0051 
0.41 
6.22 
0.37 
1.76 
0.43 
1.25 
71.05 
3.74 
0.00 
0.00 
0.00 
3.63 
Experiment  EXP95 
LIQUOR TYPE  1 
TEMPERATURE ( °C)  700 
ROOM TEMPERATURE ( °C)  23.7 
PARTICLE SIZE (pm)  90-125 
% of Carbon in BL  35.7 
% of Sulfur in BL  2.85 
PRIMARY FLOW (1/min)  0.10 
SECONDARY FLOW (total)  10.74 
N2 (1/min)  10.74 
QUENCH (1/min)  14.38 
SCRUBBER (1/min)  2.43 
TOTAL RUNNING TIME (sec)  197.73 
RESIDENCE TIME 
effective reactor volume (1)  0.0051 
primary flow rate (1/min)  0.31 
injector velocity (cm/sec)  4.78 
residence time (sec)  0.43 
Weight Data 
TOTAL INPUT WEIGHT (g)  1.30 
MASS FLOW RATE (g/min)  0.39 
RESIDUAL WEIGHT  0.85 
% input weight in cyclone  65.21 
Chemical Analysis 
% S input as 
112S  6.20 
COS  0.08 
CS2  0.00 
SO2  1.61 
(CH3)2S  38.46 118 
APPENDIX E 
CHAR ANALYSIS DATA 
Run no.  EXP38 
Condition  900 °C, Pyrolysis 
Char wt. (g)  0.0474  Residence time =  0.532  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.21  3.39  1.42  0.00 
mg /g char  1.11  17.86  7.50  0.00 
mg S/g char  0.64  5.96  3.00  0.00 
Total mg S/g char  9.60 
Run no.  EXP51 
Condition  900 °C, Pyrolysis 
Char wt. (g)  0.0365  Residence time =  0.313  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.10  2.33  0.69  0.00 
mg /g char  0.69  15.94  4.71  0.00 
mg S/g char  0.39  5.32  1.89  0.00 
otal mg S/g char  7.60 119 
Run no.  EXP52 
Condition  900 °C, Pyrolysis 
Char wt. (g)  0.0528  Residence time =  0.866  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.27  4.10  1.57  2.33 
mg /g char  1.28  19.43  7.45  11.02 
mg S/g char  0.73  6.48  2.98  10.68 
Total mg S/g char  20.88 
Run no.  EXP53 
Condition  700 °C, Pyrolysis 
Char wt. (g)  0.0251  Residence time =  0.840  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.00  1.26  0.85  0.00 
mg /g char  0.00  12.58  8.50  0.00 
mg Sig char  0.00  4.20  3.40  0.00 
Total mg S/g char  7.60 
Run no.  AIME54 
Condition  900 °C, Pyrolysis 
Char wt. (g)  0.03  Residence time =  0.632  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.33  1.93  1.03  0.00 
mg /g char  2.75  16.05  8.56  0.00 
mg S/g char  1.57  5.36  3.43  0.00 
Total mg S/g char  10.36 120 
Run no.  EXP56 
Condition  1000 °C, Pyrolysis 
Char wt. (g)  0.0303  Residence time =  0.913  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.33  1.17  0.00  2.31 
mg /g char  2.73  9.62  0.00  19.09 
mg S/g char  1.56  3.21  0.00  18.50 
Total mg S/g char  23.27 
Run no.  EXP61 
Condition  700 °C, Pyrolysis 
Char wt. (g)  0.0333  Residence time =  1.705  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.22  2.17  0.27  0.00 
mg /g char  1.62  16.29  2.04  0.00 
mg S/g char  0.93  5.44  0.82  0.00 
Total mg S/g char  7.18 
Run no.  EXP62 
Condition  900 °C, Pyrolysis 
Char wt. (g)  0.0448  Residence time =  1.490  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.18  3.24  0.32  0.00 
mg /g char  1.00  18.08  1.78  0.00 
mg S/g char  0.57  6.04  0.71  0.00 
Total mg S/g char  7.32 121 
Run no.  EXP64 
Condition  1000 °C, Pyrolysis 
Char wt. (g)  0.0256  Residence time =  1.516  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.92  0.78  0.86  1.20 
mg /g char  8.94  7.61  8.42  11.72 
mg Sig char  5.11  2.54  3.37  11.36 
Total mg S/g char  22.39 
Run no.  EXP65 
Condition  1100 °C, Pyrolysis 
Char wt. (g)  0.027  Residence time =  1.537  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  3.11  1.49  1.63  1.34 
mg /g char  28.80  13.83  15.06  12.45 
mg S/g char  16.47  4.62  6.03  12.07 
Total mg S/g char  39.19 
Run no.  EXP66 
Condition  900 °C, Pyrolysis 
Char wt. (g)  0.0347  Residence time =  1.677  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.27  0.98  0.34  3.29 
mg /g char  1.95  7.08  2.46  23.73 
mg S/g char  1.11  2.36  0.99  23.01 
Total mg S/g char  27.47 122 
Run no.  EXP67 
Condition  1000 °C, Pyrolysis 
Char wt. (g)  0.0409  Residence time =  0.716  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.69  2.69  0.00  0.00 
mg /g char  4.25  16.42  0.00  0.00 
mg S/g char  2.43  5.48  0.00  0.00 
Total mg S/g char  7.91 
Run no.  EXP68 
Condition  1000 °C, Pyrolysis 
Char wt. (g)  0.037  Residence time =  0.718  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.12  1.63  0.28  2.59 
mg /g char  0.83  11.01  1.89  17.48 
mg S/g char  0.47  3.68  0.75  16.95 
Total mg S/g char  21.85 
Run no.  EXP69 
Condition  1100 °C, Pyrolysis 
Char wt. (g)  0.0365  Residence time =  0.718  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.36  0.37  0.40  3.78 
mg /g char  2.47  2.54  2.72  25.88 
mg S/g char  1.41  0.85  1.09  25.09 
Total mg S/g char  28.43 123 
Run no.  EXP70 
Condition  900 °C, Pyrolysis 
Char wt. (g)  0.0371  Residence time =  0.792  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.00  2.55  0.00  0.00 
mg /g char  0.00  17.22  0.00  0.00 
mg S/g char  0.00  5.75  0.00  0.00 
Total mg S/g char  5.75 
Run no.  EXP71 
Condition  700 °C, Pyrolysis 
Char wt. (g)  0.0292  Residence time =  0.860  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.00  2.54  0.42  0.00 
mg /g char  0.00  21.76  3.60  0.00 
mg S/g char  0.00  7.26  1.44  0.00 
Total mg S/g char  8.70 
Run no.  EXP72 
Condition  700 °C, Pyrolysis 
Char wt. (g)  0.0328  Residence time =  0.973  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.00  2.32  0.44  0.00 
mg /g char  0.00  17.65  3.32  0.00 
mg S/g char  0.00  5.89  1.33  0.00 
Total mg S/g char  7.22 124 
Run no.  EXP74 
Condition  1100 °C, Pyrolysis 
Char wt. (g)  0.0339  Residence time =  0.957  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.25  0.26  0.29  3.55 
mg /g char  1.85  1.94  2.13  26.20 
mg S/g char  1.06  0.65  0.85  25.40 
Total mg S/g char  27.96 
Run no.  EXP75 
Condition  900 °C, Pyrolysis 
Char wt. (g)  0.046  Residence time =  1.108  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.00  3.36  0.43  2.09 
mg /g char  0.00  18.27  2.35  11.34 
mg Sig char  0.00  6.10  0.94  10.99 
Total mg S/g char  18.03 
Run no.  EXP76 
Condition  700 °C, Pyrolysis 
Char wt. (g)  0.0315  Residence time =  1.238  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.00  2.04  0.05  0.00 
mg /g char  0.00  16.16  0.39  0.00 
mg S/g char  0.00  5.39  0.16  0.00 
Total mg S/g char  5.55 125 
Run no.  EXP77 
Condition  900 °C, Pyrolysis 
Char wt. (g)  0.0346  Residence time =  0.669  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.24  2.57  0.00  0.00 
mg /g char  1.74  18.56  0.00  0.00 
mg S/g char  0.99  6.20  0.00  0.00 
Total mg S/g char  7.19 
Run no.  EXP78 
Condition  700 °C, Pyrolysis 
Char wt. (g)  0.0422  Residence time =  0.652  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.29  2.67  1.71  0.00 
mg /g char  1.69  15.84  10.12  0.00 
mg S/g char  0.97  5.29  4.05  0.00 
Total mg S/g char  10.31 
Run no.  EXP79 
Condition  700 °C, Pyrolysis 
Char wt. (g)  0.0343  Residence time =  0.719  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.00  2.20  1.29  0.00 
mg /g char  0.00  16.01  9.42  0.00 
mg S/g char  0.00  5.34  3.77  0.00 
Total mg S/g char  9.11 126 
Run no.  EXP80 
Condition  1100 °C, Pyrolysis 
Char wt. (g)  0.0353  Residence time =  1.155  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.43  0.41  0.60  4.05 
mg /g char  3.02  2.87  4.27  28.70 
mg S/g char  1.72  0.96  1.71  27.83 
Total mg S/g char  32.22 
Run no.  EXP81 
Condition  1100 °C, Pyrolysis 
Char wt. (g)  0.0252  Residence time =  1.316  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  1.58  0.79  0.83  1.00 
mg /g char  15.72  7.84  8.28  9.94 
mg Sig char  8.99  2.62  3.31  9.64 
Total mg S/g char  24.56 
Run no.  EXP83 
Condition  1000 °C, Pyrolysis 
Char wt. (g)  0.0328  Residence time =  1.331  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.19  0.27  0.15  3.65 
mg /g char  1.44  2.06  1.16  27.84 
mg S/g char  0.83  0.69  0.46  26.99 
Total mg S/g char  28.97 127 
Run no.  EXP84 
Condition  1000 °C, Pyrolysis 
Char wt. (g)  0.0329  Residence time =  1.145  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.47  0.37  0.33  2.88 
mg /g char  3.58  2.79  2.49  21.86 
mg S/g char  2.05  0.93  1.00  21.19 
Total mg S/g char  25.17 
Run no.  EXP85 
Condition  900 °C, Pyrolysis 
Char wt. (g)  0.0388  Residence time =  1.317  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.00  1.64  0.24  2.34 
mg /g char  0.00  10.57  1.53  15.07 
mg S/g char  0.00  3.53  0.61  14.61 
Total mg S/g char  18.75 
Run no.  EXP86 
Condition  1100 °C, Pyrolysis 
Char wt. (g)  0.036  Residence time =  0.500  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.19  1.31  0.47  3.42 
mg /g char  1.30  9.11  3.25  23.77 
mg S/g char  0.74  3.04  1.30  23.05 
Total mg S/g char  28.13 128 
Run no.  EXP88 
Condition  1000 °C, Pyrolysis 
Char wt. (g)  0.067  Residence time =  0.503  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.32  5.27  1.08  2.50 
mg /g char  1.19  19.66  4.02  9.34 
mg S/g char  0.68  6.56  1.61  9.06 
Total mg S/g char  17.91 
Run no.  EXP89 
Condition  900 °C, Pyrolysis 
Char wt. (g)  0.0319  Residence time =  0.497  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.22  2.18  0.29  0.00 
mg /g char  1.70  17.07  2.29  0.00 
mg S/g char  0.97  5.70  0.92  0.00 
Total mg S/g char  7.59 
Run no.  EXP90 
Condition  700 °C, Pyrolysis 
Char wt. (g)  0.0237  Residence time =  0.555  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.23  1.28  1.05  0.00 
mg /g char  2.45  13.50  11.03  0.00 
mg S/g char  1.40  4.51  4.42  0.00 
Total mg S/g char  10.32 129 
Run no.  EXP91 
Condition  1100 °C, Pyrolysis 
Char wt. (g)  0.0334  Residence time =  0.303  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.22  2.51  0.49  0.86 
mg /g char  1.65  18.76  3.69  6.44 
mg S/g char  0.94  6.26  1.48  6.25 
Total mg S/g char  14.93 
Run no.  EXP92 
Condition  1000 °C, Pyrolysis 
Char wt. (g)  0.0599  Residence time =  0.305  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.31  4.42  0.47  0.00 
mg /g char  1.29  18.44  1.95  0.00 
mg S/g char  0.74  6.15  0.78  0.00 
Total mg S/g char  7.67 
Run no.  EXP93 
Condition  900 °C, Pyrolysis 
Char wt. (g)  0.0304  Residence time =  0.374  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.00  1.81  0.81  0.00 
mg /g char  0.00  14.92  6.69  0.00 
mg S/g char  0.00  4.98  2.68  0.00 
Total mg S/g char  7.66 130 
Run no.  EXP94 
Condition  700 °C, Pyrolysis 
Char wt. (g)  0.0459  Residence time =  0.370  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  1.99  2.48  1.75  0.00 
mg /g char  10.86  13.53  9.52  0.00 
mg Sig char  6.21  4.52  3.81  0.00 
Total mg S/g char  14.54 
Run no.  EXP95 
Condition  700 °C, Pyrolysis 
Char wt. (g)  0.0276  Residence time =  0.426  sec 
Species  Thiosulfate  Sulfate  Sulfite  Sulfide 
ppm  0.95  1.55  1.34  0.00 
mg /g char  8.60  14.05  12.11  0.00 
mg S/g char  4.92  4.69  4.85  0.00 
Total mg S/g char  14.45 